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Abstract 
The aim of this study was to develop photocatalysts which are active for the production 
of hydrogen from water and to further understanding of the factors involved in promoting 
the reaction. Different metals were loaded onto titania and used as photocatalysts for 
photocatalytic methanol reforming for hydrogen production. The catalysts were 
characterised using XPS and TPR to understand what produced highly active catalyst. 
The main factors influencing the catalysts were found to be the ease of reducibility and 
the work function of the metal used. Pt/TiO2 was the most active of the catalysts tested 
for photocatalytic methanol reforming. This was attributed to the fact that platinum oxide 
is easily reduced to platinum metal. Platinum also has a high work function and it was 
concluded that this property allows better charge transfer and longer charge separation 
due to a Schottky barrier. 
Different sacrificial agents with varying numbers of hydroxyl species were tested for 
photocatalytic hydrogen production. Alcohols, polyols, cyclo-alcohols and carboxylic 
acids were investigated. A relationship between the number of hydroxyl groups and 
hydrogen yield was established. The formula suggested for this was 2n+1 = number of 
moles of hydrogen, where n = number of C-OH groups. The best sacrificial agent was 
found to be xylitol as it has five C-OH groups and it fully decomposes to carbon dioxide 
and hydrogen. 
TiO2 was synthesised using a sol-gel preparation method in an attempt to produce active 
photocatalysts for photocatalytic methanol reforming for hydrogen production. The 
phases of TiO2 produced via this method were found to be anatase and brookite. The 
catalysts with more brookite were found to be more active. The study also highlighted 
the importance of crystallinity and surface area. The Turkevich method of producing gold 
nanoparticles was used to produce Au/TiO2. This method produced a more active catalyst 
than the incipient wetness Au/TiO2 and also emphasized the importance of removal of 
stabilising agents. 
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1.1 Fossil Fuels 
In the 21st century there is a constant demand for energy to satisfy the needs of current 
lifestyles. The energy resource that is supplying this demand is primarily from fossil 
fuels. Fossil fuels are hydrocarbons that were formed millions of years ago from the 
decomposition and compression of dead organisms and include coal, petroleum and 
natural gas. It is believed that coal was formed from plants whereas natural gas and 
petroleum is thought to be formed from plankton. Using fossil fuels as an energy resource 
began during the industrial revolution in the late 18th and early 19th centuries and since 
then the use of fossil fuels has increased exponentially. The advantages of fossil fuels are 
that they are high in energy, readily available, relatively cheap and easy to transport. The 
effects of burning fossil fuels however are concerning for the Earth and coming 
generations. Firstly burning fossil fuels in air produces large amounts of CO2. Over 300 
million years ago during the carboniferous period, the level of CO2 in the atmosphere was 
reduced from 5000 to 280 ppm, burning fossil fuels is releasing it back into the 
atmosphere as can be seen in Figure 1.1. 
Figure 1.1. The level of CO2 in the atmosphere over the last 10000 years 
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It can be seen in Figure 1.1 that the level of CO2 was fairly constant from 8000 BC until 
the industrial revolution in the 18th century. Since then the level of CO2 can be seen to 
increase by ~30%. The average level of CO2 in the atmosphere in 2015 was ~401 ppm. 
CO2 is considered a greenhouse gas along with methane, nitrous oxide and ozone. A 
greenhouse gas is a gas that absorbs heat energy that has been reflected by the Earth’s 
surface from the sun which in turn makes the atmosphere warmer.1 The effects of global 
warming would have devastating effects of the planet. The increase in global temperature 
could cause an increase in sea levels leading to loss of land and extinction of species. It 
is also likely there would be more droughts and extreme weather, affecting agriculture 
and causing famine. Burning fossil fuels also leads to air pollution affecting the 
environment and human health due to the release of harmful gases including carbon 
dioxide, carbon monoxide, nitrogen oxides, sulphur dioxide, and particulates. Finally 
fossil fuels are considered to be a non-renewable source of energy due to the time it takes 
for their formation. Therefore there is a need for an alternative energy resource. 
1.2 Hydrogen as an alternative energy  
There are a number of energy alternatives including solar power, wind, biomass, biofuels, 
geothermal and possibly most interestingly hydrogen. The only product from burning 
hydrogen is water (Equation 1.1). Therefore hydrogen is considered to be a clean fuel as 
it has zero carbon emissions and does not produce any other greenhouse or harmful gases. 
This makes hydrogen a very promising energy alternative.  
Equation 1.1. Combustion of hydrogen 
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Hydrogen is considered to have the best energy to mass ratio when compared to other 
existing fuels such as natural gas or petroleum. The energy per unit mass of hydrogen 
and other fuels is shown in Table 1.1.2
Fuel Energy per unit mass/ MJ kg -1 Energy per unit volume/ MJ m 
-3 
Hydrogen 141.9 8520
Petroleum 46.7 31170
Methanol 23.3 16020
Natural gas 55.5 21250
Propane 48.9 23520
Ammonia 22.5 14350
Table 1.1. Fuels and energy content per mass and volume 
It is clear from Table 1.1 that hydrogen has the best energy to mass ratio with 141.1 MJ 
kg -1 whereas the next best is propane with 48.9 MJ kg -1. A disadvantage of hydrogen 
fuel is that it has a low energy to volume ratio. Hydrogen has 8520 MJ m-3 which is the 
lowest when compared to the other fuels. This means that the storage and transportation 
of hydrogen must be considered.  
1.2.1 Hydrogen Storage 
The main types of hydrogen storage available are high pressured tanks, condensation to 
liquid or even solid hydrogen and absorption of hydrogen in solids with high surface 
areas.3 Gas cylinders can store hydrogen at up to 300 bar in steel cylinders and up to 600 
bar in cylinders made of carbon fibre and hydrogen inert aluminium. The disadvantages 
of this type of storage is the need for additional pressure and that high pressured cylinders 
pose a safety risk. Condensation of hydrogen is an attractive option in that this would 
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increase the energy to volume ratio. Due to heat transfer from the container some 
hydrogen storage would be lost due to evaporation of the liquid hydrogen. An area of 
research gaining a lot of attention is the use of high surface area solids to store hydrogen.4
It is possible for hydrogen to reversibly adsorb to the surface of the solid via physisorption 
using Van der Waals interactions. A significant amount of research is going into the use 
of carbon nanotubes for hydrogen storage with promising results.5
1.2.2 Hydrogen Production 
Another problem with hydrogen fuel is that that even though hydrogen is most abundant 
element in the universe, it is usually present a compound. For example on Earth it is tied 
up in water or methane. Current methods of obtaining hydrogen come from the extraction 
from natural gas (48%), oil (30%), coal (18%) and electrolysis (4%).  
1.2.2.1 Steam reforming 
The most popular current method of producing hydrogen is steam reforming.6 Steam 
reforming is the cheapest method of producing hydrogen. It involves heating methane in 
the presence of steam and a Ni catalyst at high temperatures of around 700-1100 °C 
(Equation 1.2).7
Equation 1.2. Steam reforming of methane 
This is then followed using the CO produced in the water gas shift reaction to produce 
more hydrogen and also CO2 (Equation 1.3). 
Equation 1.3. Water gas shift reaction with CO 
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Hydrogen production from oil and coal involves partially oxidising the hydrocarbons 
using oxygen and high temperatures. 
These processes, although economical, uses methane, oil and coal (non-renewable 
resources) and also produce CO2 (a greenhouse gas) and so an alternative method to 
produce hydrogen is desired.  
1.2.2.2 Electrolysis 
Electrolysis to produce hydrogen uses electricity to split water into hydrogen and oxygen. 
Electrodes usually Pt, Ir or stainless steel are placed into water. A potential is applied 
between the electrodes and hydrogen is produced at the cathode and oxygen at the anode. 
The equations for the reactions are shown in Equation 1.4, Equation 1.5 and Equation 
1.6. 
Equation 1.4. Reaction at the cathode, HER (E°red = 0.00 V) 
Equation 1.5. Reaction at the anode, OER (E°ox = - 1.23 V) 
Equation 1.6. Electrolysis of water 
Using the standard electrode potentials for the reduction and oxidation reactions 
occurring, the overall potential for splitting water is equal to -1.23 V. This means that a 
voltage of at least -1.23 V is required. Due to barriers such as activation energy and ion 
mobility, an over potential is usually needed for the production of hydrogen to proceed. 
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Electrolysis is not as economical as steam reforming and is therefore rarely used in 
industry however there is lot of interest in using solar electricity 
1.2.2.3 Photoelectrolysis  
The concept of photoelectrolysis is very similar to electrolysis in that water is split using 
electrical energy via HER and OER. Photoelectrolysis however uses a photoelectrode; a 
semi-conductor such a TiO2, and a counter electrode usually a noble metal. Unlike 
electrolysis, the electrical energy is generated using sunlight. It is important to note that 
the energy band of the semi-conductor must overlap with the energy levels of the HER 
and OER. Fujishima et al. used a TiO2 electrode and a Pt electrode for the electrochemical 
photolysis of water in 19728 using the set up shown in Figure 1.2. The photo-induced 
electrons reduce H2O to H2 and the holes left on the TiO2 oxidise H2O to O2. 
It was suggested that water could be split using visible light into hydrogen and oxygen 
and was the first study of its kind. The proposed mechanism is shown in Reaction 
schemes (1.1)-(1.4). 
Figure 1.2. Photoelectrolysis
Bias
TiO2 Pt
e-
3 eV
H2O
O2
H2O
H2 e-
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Excitation of TiO2 by light…
TiO2 + 2hν → 2e-       (1.1) 
At the TiO2 electrode…
2p+ + H2O → O2 + 2H+      (1.2) 
At the Pt electrode…
2e- + 2H+ → H2       (1.3) 
Overall…
H2O + 2hν → O2 + H2      (1.4) 
The study by Fujishima et al. revealed the potential of using light energy to split water 
and sparked an interest in photocatalysis. 
1.2.3 Catalysis and Photocatalysis 
Catalysis is the increase in reaction due to the presence of a catalyst. A catalyst works by 
decreasing the activation energy required for a reaction to proceed. This is shown in 
Figure 1.3. 
Products
Activation energy of reaction without catalyst (black)
Activation energy of reaction with catalyst (red)
Energy
Reaction Progress
Reactants
Figure 1.3. Energy profile of reaction with (red) and without (black) catalyst
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1.2.4 General Principle of photocatalytic water splitting 
Photocatalysis uses light energy to catalyse a reaction using a photocatalyst to harness 
the energy. The general water splitting process using a photocatalyst is as follows; the 
photocatalyst absorbs a photon which is greater in energy than the band gap of the semi-
conductor. This generates an excited electron and an electron hole. The photoexcited 
carriers separate and migrate to the surface without recombining. The excited electron 
reduces the H2O to H2. The hole in the TiO2 produced by the excitation of the electron 
can oxidise the H2O to O2 as seen in Figure 1.4. There are different types of semi-
conductors with different properties. These will be discussed later in the chapter. 
1.2.5 Difficulty of water splitting 
To assess the difficulty of water splitting it is useful to look at the thermodynamics and 
the kinetics of the reaction. An energy diagram is shown below to illustrate the 
thermodynamics of splitting water into hydrogen and oxygen (Figure 1.5). 
Figure 1.4. Principle of photocatalytic water splitting using a semiconductor
CB
VB
e-
h+
H2O
H2
H2O
O2
Semi-conductor
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Figure 1.5 shows that the enthalpy for water splitting in the gas phase is 239 kJ mol-1. 
Therefore, it is an endothermic reaction, which will not proceed without an energy input. 
239 kJ mol-1 corresponds to light with a wavelength of around 500 nm. This wavelength 
of light is in the visible region (Figure 1.6) and reaches the Earth’s surface. Luckily for 
us on Earth, the energy required to break the first O-H bond in water requires an energy 
of 495 kJ mol-1 (~250 nm) and such energy photons are not present at the Earth’s surface. 
It is this kinetic barrier which makes water splitting difficult, and the use of a 
photocatalyst necessary. An important thing to note from Figure 1.5 is that it shows that 
0 kJ mol-1 
Potential energy/ 
kJ mol-1 
H2O (g)
OH (g) + H (g)
O (g) + 2H (g)
O (g) + H2 (g)
O2 (g) + H2 (g)
495 kJ mol-1 
426 kJ mol-1 434 kJ mol-1 
248 kJ mol-1 
239 kJ mol-1 
Figure 1.5. Energy diagram for water splitting
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the backwards reaction is favourable. It is for this reason that there a sacrificial agent is 
employed to “mop up” oxygen, preventing this from happening.
1.2.6 Photocatalysts 
Currently there are two main approaches to water splitting using a heterogeneous catalyst;  
 Two step system in which the reaction is split into two parts; H2 production and 
O2 production (z-scheme) as shown in Figure 1.7. 
 One step system where light is used to split H2O into H2 and O2 in one step. 
These require a narrow band gap, stability under irradiation and suitable valence 
and conduction bands for H2 and O2 production 
Figure 1.6. Solar spectrum showing visible region and wavelengths corresponding to 
thermodynamic and kinetics barriers
Wavelength corresponding to enthalpy of water 
splitting
Wavelength to break
O-H bond
Visible region
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In a Z-scheme photocatalyst there is an oxygen evolution catalyst and a hydrogen 
evolution catalyst. The process involves the reduction and oxidation of the redox 
mediators; an electron acceptor (A) and an electron donor (D). The forward reactions that 
occur on the oxygen evolution catalyst are shown in reactions 1.5 and 1.6. The electron 
acceptor is reduced by conduction band electrons producing an electron donor and the 
water is oxidised by the holes to produce H+.  
A + e- → D      (1.5) 
H2O + 2h+ → O2 + 2H+    (1.6) 
The forward reactions that occur on the hydrogen evolution catalyst are shown in 
reactions 1.7 and 1.8. The electron donor produced by the oxygen evolution catalyst is 
oxidised by the holes in the valance band of the hydrogen evolution catalyst and the H+ 
is reduced by the conduction band electrons to hydrogen. 
D + h+ → A      (1.7) 
e-
CB
VB
CB
VB
h+
h+
e-
e-
Oxygen evolution catalyst
Hydrogen evolution catalystO2
H2O
H2
H+
Red.
Ox.
Electron 
mediator 
H+/H2 0V
O2/H2O 1.23V
hν
hν
Potential
Figure 1.7. Schematic of Z-scheme photocatalyst
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2H+ + 2e- → H2     (1.8) 
A Fe3+/Fe2+ redox mediator catalyst is an example of a Z-scheme catalyst.9, 10, 11 This is 
where Rh, Cr3+/Ta5+ or Cr3+/Sb5+ is loaded onto SrTiO3 in the presence of FeCl3. The 
Fe3+/Fe2+ redox mediator acts a redox shuttle which controls the reactivity of the electrons 
and holes. Another example of a redox shuttle is IO3-/I- where possible catalysts are 
SrTiO3:Cr/Ta, BaTaO2N WO3.12, 13, 14 Some systems do not require a redox shuttle for 
example (Ru/SrTiO3:Rh)-(BiVO4). When irradiated with visible light it is claimed that it 
produced one of the highest yields to date for a powdered photocatalyst.15 An example of 
a one-step system is the photocatalyst, GaN:ZnO (Ga1-xZnx)(N1-xOx), designed by 
Domen et al. which absorbs in the visible region and claims it can perform pure water 
splitting.16 TiO2 loaded with noble metals (Pd, Pt, Au etc) 17 is another example of a one-
step system. Unfortunately, the catalyst is not very active for pure splitting however if a 
sacrificial agent is employed, high yields of hydrogen can be reached. Sacrificial agents 
boost hydrogen yields by acting as reducing agents and extracting the oxygen from water 
preventing the backwards reaction.18-20 The most commonly used sacrificial agent for 
photocatalytic water splitting is methanol.19, 21-23
1.2.6.1 Methanol reforming 
Using methanol as a sacrificial agent was first reported by Kawai and Sakata in 1980 
using Pd/TiO2, Pt/TiO2 and RuO/TiO2.24 Ethanol has also been used as a sacrificial agent 
and it is seen a more sustainable resource.25 The work on using methanol as the sacrificial 
agent was developed by Bowker and co-workers.21 In this study the mechanism of 
methanol reforming was discussed. Figure 1.8 illustrates the steps involved for 
photocatalytic methanol reforming for hydrogen production.  
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Figure 1.8. Schematic of photocatalytic methanol reforming for hydrogen production on 
Pd/TiO2.21
The first step (a) is the catalytic decomposition of methanol on Pd. This step does not 
require UV light to proceed. The surface of the Pd gradually becomes poisoned by CO. 
In step (b) light excites electrons in the valence band of the TiO2 into the conduction 
band. The excited electron in the conduction band oxidises the CO on the surface of the 
Pd and produces CO2 in step (c). This leaves a vacancy on the metal and an anion vacancy 
(hole) in the titania lattice as shown in step (d). The methanol fills the vacancy and 
decomposes on the metal, in step (e), liberating hydrogen and water fills the hole, also 
releasing hydrogen. The cycle continues (step (f)) with the excitation of electrons in the 
valence band of the TiO2. Step (a) is catalytic whereas steps (b-f) are photocatalytic and 
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require light to proceed. In the paper by Dickinson et al.21 it is suggested that the rate 
determining step is catalytic rather than photocatalytic. It being, either the chemisorption 
of methanol onto the Pd or the decomposition of the methoxy into CO. This conclusion 
was made because increasing the concentration of methanol in the system had little effect 
on the rate of hydrogen production. If this is the case it could be assumed that the reaction 
rate would increase if the temperature of the reaction was increased.  
A number of different metals loaded on TiO2 have been used for this reaction. A 
comparison of the significant findings are summarised in Table 1.2. This includes the 
catalyst used, hydrogen production and reaction conditions.  
Catalyst Hydrogen 
production/
µmol H2 h-1 
Hydrogen 
production/ 
µmol H2 h-1 g-1 
Conditions
5%Pt/TiO224 460 1533 10 mL CH3OH, 10 mL 
H2O
1%Pt/TiO226 400 570 10 mL CH3OH
1%Pt/TiO227 186 186 2% CH3OH/3% H2O/95% 
N2 continuous flow (40mL 
min-1)
5%Pd/TiO224 220 733 10 mL CH3OH, 10 mL 
H2O
0.5%Pd/TiO221 400 2000 100µl CH3OH, 100 mL 
H2O
2%Au/TiO222 600 3000 110µl CH3OH, 100 mL 
H2O
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1%Au/TiO227 133 133 2% CH3OH/3% H2O/95% 
N2 continuous flow (40mL 
min-1)
1%Au-
1%Ag/TiO227
128 128 2% CH3OH/3% H2O/95% 
N2 continuous flow (40mL 
min-1)
1%Au/TiO227 11.7 11.7 2% CH3OH/3% H2O/95% 
N2 continuous flow (40mL 
min-1)
10%Cu/TiO228 250 250 500 mL CH3OH, 500 mL 
H2O
1%NiO/TiO229 30 30 10 mL CH3OH, 290 mL 
H2O
10%RuO/TiO224 37 123 10 mL CH3OH, 10 mL 
H2O
TiO224 27 90 10 mL CH3OH, 10 mL 
H2O
Table 1.2. Hydrogen production from alcohols using UV light and a photocatalyst under 
an inert atmosphere 
Table 1.2 shows that it is clear that the metal has a significant effect on the activity of the 
catalyst. Many things can influence the hydrogen yield including the power of the light 
source, distance between reaction vessel and the light source and the material of the 
reaction vessel, all of which makes the comparison of literature very difficult.  
1.2.6.2 Sacrificial agents 
Methanol is not the only sacrificial agent that has been used for photocatalytic hydrogen 
production. Many different alcohols, polyols and sugars have also been used. Bahruji et 
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al.30 did an extensive study on primary, secondary and tertiary alcohols using Pd/TiO2. 
The alcohols used and the hydrogen produced is shown in Figure 1.9. 
Figure 1.9. Hydrogen production from a range of sacrificial agents using 0.5%Pd/TiO2.30
From this study it was observed that the sacrificial agent must have a hydrogen atom 
alpha to the hydroxyl group in order to react. The study also suggested that with more 
hydroxyl groups, the higher the hydrogen yield. A study by Leung et al. in 2011 tested 
C-3 polyols for hydrogen production in an attempt to establish whether there was a 
relationship between number of hydroxyl groups and hydrogen production. The 
experimental hydrogen yields are shown in Table 1.3. 
Polyol Hydrogen production/ µmol H2 h-1 
Glycerol 300
Propylene glycol 196
Isopropanol 86
Table 1.3. Hydrogen production from different C-3 polyols.31
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Table 1.3 shows that hydrogen production increases with more hydroxyl groups. In fact 
the ratio of hydrogen produced is 1:2:3 for isopropanol, propylene glycol and glycerol. 
This suggests that there is a relationship between the number of hydroxyl groups and 
hydrogen production. 
1.2.7 Semi-conductors 
The band gap of a semiconductor is what makes it a possible photocatalyst. The valence 
band in a semi-conductor is the highest in energy, fully filled band. The conduction band 
is where electrons are more weakly bound. The positions of the valence and conduction 
bands give semi-conductors different properties and the energy difference between them 
is called the band gap. When energy greater than the band gap is applied e.g. light energy, 
an electron is excited from the valence band to the conduction band. This process 
produces an excited electron (e-) and also leaves a positive hole (h+) in the valence band. 
It is these photogenerated charge carriers that aid the catalysis of reaction. The 
photogenerated holes and electrons have three possible pathways after being produced. 
1. Migration to the surface and reducing the adsorbed species 
2. Migration to the surface and oxidising the adsorbed species 
3. Recombination with each other 
The third pathway is obviously unfavourable to the desired reaction and will decrease the 
efficiency of the photocatalyst. Doping with metals has been reported to trap the 
electrons, due to the Schottky Barrier at the interface between the metal and the semi-
conductor, preventing recombination.32
The deposition of metal nanoparticles has been shown to increase the efficiency of 
interfacial charge transfer from the semi-conductor into the metal.33, 34 The Fermi level 
in a semi-conductor is related to the number of accumulated electrons. If more electrons 
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accumulate in a system, the Fermi level shifts negatively towards the conduction band 
which in turn improves the energetics of the system. In a semi-conductor the Fermi level 
generally lies in the middle of the valence and conduction band. When metal 
nanoparticles are deposited onto the surface of a semi-conductor, the Fermi level shifts 
towards the conduction band (Figure 1.10). The transfer of electrons from the semi-
conductor into the metal continues until the system achieves equilibration, otherwise 
known as the Fermi equilibrium.  
Figure 1.10. Position of Fermi level in semi-conductor (left) and semi-conductor with 
metal nanoparticle deposited (right). 
The shift in Fermi level means that there is an increase in electrons with more energy and 
so electrons can more easily pass into the metal. This process increases charge separation 
which been reported to be a factor that significantly increases the activity of a 
photocatalyst.35
The size of the nanoparticle has also been shown to affect the position of the Fermi level 
in a metal semi-conductor system. Subramanian et al.36 studied the effect of depositing 
different sized Au nanoparticles on TiO2 and how this affected Fermi equilibration.  
VB
Ef
CB
Semi-conductor
VB
Ef
CB
Semi-conductor Metal
e-
h+
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Catalyst Size of nanoparticle/ nm Position of Fermi level/ mv
TiO2 - -230
Au/TiO2 8 -250
Au/TiO2 5 -270
Au/TiO2 3 -290
Table 1.4. Size of Au nanoparticle deposited on TiO2 and the apparent Fermi level.36
Table 1.4 shows that the smaller the nanoparticles, the more negative the Fermi level and 
therefore the higher electron accumulation. This suggests that the smaller the 
nanoparticles, the better the charge separation which ultimately increases the 
performance of the photocatalyst. 
The size of Au nanoparticles can also have an effect on the position of the plasmon 
resonance peak position in UV-vis spectroscopy.37, 38 Larger nanoparticles of gold will 
absorb light of greater wavelength, making them appear bluer in colour. Smaller 
nanoparticles of gold will appear redder in colour as they absorb shorter wavelengths of 
light. The size dependence of the plasmon absorption was studied for 9, 15, 22, 48, and 
99 nm gold nanoparticles in aqueous solution.39 The peak of the plasmon peak for 
different sized nanoparticles is shown in Table 1.5. 
Au nanoparticle size/ nm Position of plasmon peak/ nm
8.9 517
14.8 520
21.7 521
48.3 533
99 573
Table 1.5. Plasmon peak position and Au nanoparticle size. 
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For photocatalytic water splitting it is essential that the valence band and conduction band 
of the semiconductor overlap with the redox potentials of the water splitting half 
reactions. This is shown for some examples in Figure 1.11. 
Figure 1.11. Energy level diagram for the conduction and valence bands of common 
semi-conductors and how they overlap with water splitting half reactions on a potential 
scale (V) versus the normal hydrogen electrode (NHE).40
Figure 1.11 shows that CdSe, ZnO, TiO2 and KTaO3 overlap with the potential required 
for water splitting. For this study TiO2 was chosen as the semiconducting support as the 
band gap of TiO2 is at the right potential for water splitting but also because it is 
considerably more stable and more efficient than the other semi-conductors at the right 
potential. The stability of CdSe is low and is prone to oxidation, 41 ZnO suffers from 
photocorrosion in aqueous solution 42 and KTaO3 has been reported to have a low effiency 
of < 1%.43
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1.2.7.1 TiO2 
The band gap of TiO2 is 3.2 eV which means that it can absorb radiation in the UV region 
and therefore is an appropriate semi-conducting support for photocatalytic hydrogen 
production. There are three different polymorphs of titanium oxide; anatase, rutile and 
brookite. The three distinct forms of TiO2 differ in their assembly of TiO62- octahedral. 
(Figure 1.12). 
Anatase octahedra are connected via the vertices of the octahedral, in rutile via the edges 
and in brookite they are connected by both edges and vertices as shown in Figure 1.13.44
O O
O O
Ti
O
O
Figure 1.12. TiO62- octahedral
Figure 1.13. Assembly of TiO62- octahedra in a) anatase b) rutile and c) brookite.31
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The stability of the three structures depends on the size of the TiO2 particles. At less than 
11 nm, anatase is the most stable form. From 11-35 nm brookite is most stable and at 
more than 35 nm, rutile. 45 The enthalpy change from anatase to rutile is relatively small 
(-1.3 to -6 kJ mol-1).46, 47 However, anatase can be stable up to 1000 °C if the particles are 
kept small using certain preparation methods or doping.48 Once the critical size of nucleus 
of TiO2 is formed, anatase conversion to rutile can happen at temperatures as low as 400 
°C.49
The band gap for anatase and rutile are well known to be 3.26 and 3.05 eV respectively.50, 
51 However the band gap of brookite is unclear. Studies have suggested that the direct 
band gap of brookite must be larger than 3.5 eV and that it has an indirect band gap of 
1.9 eV.52
1.2.7.2 TiO2 activity 
The different polymorphs of titania have significantly different activities towards 
photocatalytic water splitting. Abe et al. conducted a comparative study on Pt/TiO2-
anatase and Pt/TiO2-rutile, using co-catalyst IO3-/I-.53  The activities of the catalysts are 
shown below in Table 1.6. 
Photocatalyst Rate of hydrogen production/ µmol h-1
Pt/TiO2-anatase 20
TiO2-anatase 0
Pt/TiO2-rutile Tr.
TiO2-rutile 0
Pt/TiO2-anatase + TiO2-rutile 125
Pt/TiO2-rutile + TiO2-anatase <1
Table 1.6. Anatase and rutile activity 
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Rutile is considered to be a much less effective catalyst compared to anatase.54 Studies 
have shown that electron hole recombination in rutile is much quicker than in anatase, 
making it a poor photocatalyst.55-57 Some suggest that because rutile has a lower flat band 
potential, which is close to the NHE potential (H+/H2), there is not enough driving force 
for water reduction.58 Mixing anatase and rutile mechanically (as above) or chemically 
(TiO2-P25 Degussa) has shown to have synergistic effects which has been attributed to 
longer electron hole lifetimes.59
Brookite nanocrystals have been reported to have high photocatalytic activity.60, 61 The 
hydrothermal synthesis of titanium bis(ammonium lactate) dihydroxide in the presence 
of urea can produce brookite/anatase mixtures.62 At higher concentrations of urea, a 
higher ratio of brookite to anatase is produced. The brookite phase can be characterised 
using XRD, especially Rietveld analysis of XRD patterns. In some studies 
anatase/brookite mixtures have been reported to be more active than TiO2-P25 for 
photocatalytic hydrogen production.63, 64 The flat band of brookite is more cathodic than 
anatase which promotes interfacial electron transfer, giving better charge separation and 
therefore better photoactivity.35
For the majority of the work in this thesis TiO2-P25 was used as the literature has 
suggested that the highest hydrogen yields are achieved using TiO2-P25 as the mixture 
of anatase and rutile present has synergistic effects. 
1.3 Aims and objectives 
The purpose of this study is to develop photocatalysts which are active for the production 
of hydrogen from water and to further understanding of the factors involved in promoting 
the reaction. The thesis is divided into three bodies of work. The relevant literature for 
each section will be at the beginning of each chapter. 
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As a preliminary measure it is important to define a couple of crucial terms. In this thesis 
when the term catalysis is used, it refers to non-photocatalytic reactions that do not 
require light to proceed. An example of this is the decomposition of methanol on Pd. On 
the other hand, photocatalysis will be used for photocatalytic reactions, and also as a 
broader definition to discuss reactions which combine photocatalytic and catalytic steps. 
The term catalyst will be in reference to a non-photoactive material, and finally the word 
photocatalyst will denote a material that is photoactive encompassing those with or 
without a catalytic component. 
The first results chapter explores the use of different metals loaded onto titania for use as 
photocatalysts for photocatalytic methanol reforming for hydrogen production. The 
photocatalysts are characterised using XPS and TPR to develop the relationship between 
high photocatalytic performance and metal reducibility. Other properties such as work 
function and how the metal affects the band gap is also investigated. The best M/TiO2
photocatalysts (M = metal) reported in the literature are Pt/TiO2, Pd/TiO2 and Au/TiO2. 
These are expensive metals and so it would be beneficial to find a metal that is effective 
but also economical. The fundamental aim of the chapter is to provide a fair comparison 
of different M/TiO2 photocatalysts as comparative studies in the literature are limited. 
The novelty in this work is attempting to correlate the performance of the photocatalysts 
with the properties that drive high performance.  
The second part of study will focus on using different sacrificial agents with varying 
numbers of hydroxyl species for photocatalytic hydrogen production. From the literature 
it is clear that a wide range of sacrificial agents for photo-reforming has already been 
considered. Chapter 4 will develop this work by using longer chain polyols such as 
erythritol and xylitol. The mechanism for the photoreforming of longer chain polyols will 
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be investigated. Finally, by investigating these molecules an attempt will be made to 
establish a relationship between the number of hydroxyl groups and hydrogen yield. 
The final results chapter will probe the effect of using different polymorphs of TiO2 and 
using different preparation methods of TiO2 in an attempt to produce active 
photocatalysts for photocatalytic methanol reforming for hydrogen production. The 
different polymorphs of TiO2 have been extensively researched for photocatalytic 
processes. Sol-gel TiO2 is a promising photocatalyst. There is little literature concerning 
sol-gel TiO2 and photocatalytic methanol reforming. Chapter 5 will concentrate on tuning 
sol-gel TiO2 for use as a photocatalyst for photocatalytic methanol reforming. The 
photocatalysts will be characterised using XRD and BET to derive the properties of TiO2
that will produce the most active photocatalysts. 
It is important to consider the impact of this research and therefore the final chapter will 
highlight the key findings of this work and suggest possible further research to build upon 
the conclusions made. 
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2.1 Introduction 
The aim of this chapter is to outline and describe the procedures and techniques used 
during the study including photocatalyst preparation methods, experimental setup and 
instrument calibration. The photocatalysts were characterised using a number of 
techniques including X-ray diffraction (XRD), Brunaur-Emmett-Teller (BET), X-ray 
photoelectron spectroscopy (XPS), Temperature programmed reduction (TPR) and 
Raman spectroscopy. 
2.2 Photocatalyst Preparation 
Two methods of photocatalyst preparation were used in this study; incipient wetness and 
a colloidal method. For the bulk of the photocatalysts prepared, P25 (Degussa) was used 
as the photocatalyst support but other types of TiO2 from different manufacturers and 
preparation methods were also used. These include anatase (Sigma Aldrich), rutile 
(Sigma Aldrich) and TiO2 (sol-gel) (titania synthesised in laboratory from tetraisopropyl 
titanate). 
2.2.1 Incipient wetness 
Incipient wetness, used for the synthesis of the majority of photocatalysts used in this 
study, involves dissolving the metal salt in the amount of water required to fill the pores 
of the support. This was determined by adding water dropwise from a graduated pipette 
to the support until it did not absorb anymore. PdCl2 (Sigma Aldrich) was dissolved in 
the appropriate amount of deionised water and 2 drops of HCl added using a sonicator 
bath for 15 minutes. Table 2.1 shows the amount of water required to fully saturate 
different TiO2 supports. HCl is required for the complete dissolution of PdCl2. The Pd 
solution was added slowly to TiO2 using a pipette. The mixture of the Pd solution and 
TiO2 was ground and mixed together thoroughly using a pestle and mortar. The 
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photocatalyst was then dried at 120 ⁰C for 2 hours and then calcined at 400 ⁰C for 3 hours.
A scheme of the preparation of Pd/TiO2 (IW) is shown in Figure 2.1. The photocatalyst 
was then passed through a 53 μm sieve to ensure a homogeneous particle size. The 
photocatalyst samples were then characterised using XRD, BET and XPS. 
TiO2 Incipient wetness point for 2 g of TiO2/ ±0.1 mL
P25 1.5
Anatase 1.5
Rutile 2.0
sTiO2 1.0
Table 2.1. Summary of incipient wetness points for titania used 
Figure 2.1. Scheme showing incipient wetness preparation of Pd/TiO2 (IW) 
2 g TiO2 (P25)
PdCl2
H2O + 2 drops HCl
Pd solution
2 mL Pd 
solution 
added 
dropwise
Mixing 
using 
pestle and 
mortar
Dried at 120°C for 2 hours, 
calcined at 400°C for 3 
hours
Pd/TiO2 (IW)
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A range of different metal catalysts were prepared following the same method but using 
the corresponding metal salt. These are summarised in Table 2.2. The loading of the metal 
catalysts was 0.5 wt%. 
Metal Salt Mass of precursor used/ g
PdCl2 0.0167
H2PtCl6 0.0265
HAuCl4 0.0181
RhCl3.3H2O 0.0255
RuCl3.H20 0.0223
IrCl3.H2O 0.0165
CuNO3 0.0295
NiNO3 0.0500
AgNO3 0.0157
Table 2.2. Summary of metal precursors used for incipient wetness preparation of 
photocatalysts and the mass used for 2g of photocatalyst. 
For the preparation of 2 g 0.5 wt% of Pd on TiO2, the mass of PdCl2 required was 
determined is shown in Equation 2.1. 
Equation 2.1. Calculation of mass of precursor used 
2.2.2 Colloidal gold and impregnation 
To obtain a more controlled metal nanoparticle size a colloidal method was also used for 
gold catalysts. The Turkevich method1 uses citrate (sodium citrate, 98% Sigma Aldrich) 
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as a reducing agent and capping agent for the synthesis of gold nanoparticles. After the 
nanoparticles were produced, they were impregnated onto TiO2. 
Figure 2.2 shows the colloidal method of Au nanoparticle synthesis. 1% Au solution was 
produced by dissolving HAuCl4.3H2O (99% Sigma Aldrich) in water. The solution was 
heated to 90 ⁰C and 1% citrate solution added. The solution continued to be heated until 
the Au nanoparticles had formed indicated by the colour change from very pale yellow 
to black to red.1 TiO2 was added to the mixture and stirred for 5 hours. The mixture was 
filtered and washed with water. The photocatalyst was dried at 120 ⁰C for 2 hours and 
sieved to an aggregate size of 53 μm. The photocatalysts were characterised using XPS, 
XRD and UV-vis spectroscopy. 
Figure 2.2. Colloidal gold synthesis following Turkevich method.  
1% citrate 
added
HAuCl4.3H2O
dissolved
Solution heated 
at 90 °C until 
colour change
TiO2 added
Stirred for 5 
hours Mixture 
filtered, washed 
and dried at 
120 °C for 2 
hrs
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2.3 Synthesis of TiO2 (TiO2-sol-gel) 
TiO2-sol-gel was synthesised in the laboratory by a method used by Addamo et al.2 The 
materials used are listed here; titanium (IV) tetraisopropoxide (Sigma Aldrich), Isopropyl 
alcohol (Sigma Aldrich), nitric acid and deionized water.  
Tetraisopropropyl titanate (2.5mL) was added to isopropyl alcohol (42.5 mL). Water (400 
mL) was acidified using nitric acid (5 drops) to pH 2.5. The tetraisopropyl titanate 
solution was added to the acidified water and immediately a milky white precipitate was 
formed. The mixture was stirred for 24 hours at room temperature followed by heating at 
75-80 ⁰C for 5 hours. The solution was then dried at 100 ⁰C overnight to remove alcohol. 
Pd was impregnated onto TiO2-sol-gel using the same incipient wetness technique 
described above. The TiO2-sol-gel was calcined at different temperatures (300, 500 and 
700⁰C) and characterised using XRD, BET and Raman. 
2.4 Experimental Set Up 
2.4.1 Photoreactor 
Dickinson’s original experimental set up for photocatalysis was used for the reactions in 
this study.3 This comprised a photoreactor, light source and analysis by gas 
chromatography (GC), Figure 2.3. The photoreactor involved using a Pyrex two necked 
flask, one for purging with nitrogen and the other for sampling. The size of vessel was 
200 mL in total and the thickness of the glass was 2 mm (minimising light absorption). 
The vessel was clamped above a hot plate so that the reaction could be stirred and heated 
if necessary. The light source was placed 30 cm away from the front of the vessel. The 
reactor and lamp were placed inside a black Perspex box to minimise interference from 
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other light sources. Injection samples were taken at regular intervals from the reactor 
before, during and after the experiment and analysed using a GC. 
Figure 2.3. Schematic diagram showing reaction set up with reactor and light source 
2.4.2 Reaction procedure (Photocatalytic alcohol reforming) 
In the reaction vessel, the catalyst (0.2g) and deionised water (100 mL) were purged with 
nitrogen for 30 mins to remove oxygen and other gases. The alcohol (0.00247 mol) was 
added to the reaction mixture via syringing through a rubber bung. Table 2.3 details the 
alcohols tested for hydrogen production. The mixture was stirred using a magnetic stir 
bar. The lamp was then turned on illuminating the front of the flask. 0.2 mL samples were 
taken every 30 minutes and analysed using a GC to detect hydrogen. Some reactions 
required another GC to detect CO2, CO and CH4. For gas phase reactions the catalyst (0.2 
g) was fixed on to a glass slide and secured above the water (10 mL) alcohol (0.0024 
mol) mixture. The catalyst was fixed onto the slide using a couple of drops of deionised 
N2
Light SourceHot Plate
Reactor Vessel
Black Perspex box
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water to make a paste and then the slide was dried in the oven at 50°C for 30 minutes 
(Figure 2.4). 
Figure 2.4. Gas phase reactor setup with catalyst mounted on slide above the 
water/alcohol mixture. 
Alcohol Amount used Source
Volume/ mL Mass/ g
Methanol 0.1 Fischer
Ethanol 0.143 Sigma Aldrich
Propan-2-ol 0.188 Fischer
Ethylene Glycol 0.139 Fischer
Glycerol 0.18 Sigma Aldrich
Erythritol 0.301 Sigma Aldrich
Xylitol 0.376 Sigma Aldrich
Glucose 0.445 Sigma Aldrich
Fructose 0.445 Sigma Aldrich
Sucrose 0.845 Sigma Aldrich
Water/alcohol mixture (10 ml)
Powdered catalyst fixed onto slide
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Table 2.3. Table showing details of the alcohols used for photocatalytic hydrogen 
production 
2.4.3 Light Source 
A Xenon arc lamp (Oriel Model No: 6271) was used to replicate sunlight in the 
photocatalytic experiments. It provided light ranging from UV, visible and infra-red 
regions (200-1100 nm, Figure 2.5). The lamp along with the ignitor, condensing optics, 
rear reflector and lamp cooling fan were placed in an arc lamp housing (Oriel Model No: 
66921). This was then connected to a power supply (Newport Model No: 69920).  
Figure 2.5. Spectral Irradiance of Arc Lamp Xenon Model 6272.4 
2.4.4 Gas Chromatography 
Gas chromatography was used to identify and quantify the products from photocatalytic 
reactions. Samples were taken before during and after reaction using a syringe. The gas 
samples can flow directly into the column whereas liquid samples are vaporised in the 
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chamber before continuing to the column. The column is where the products are 
separated, each compound will have a different affinity for the stationary phase of the 
column. The higher the affinity, the more time it takes for the molecule to elute from the 
column. In this study two types of detector was used; thermal conductivity detector 
(TCD) for gas samples and flame ionisation detector (FID) for liquid samples. A TCD 
responds to changes in thermal conductivity. When the compound elutes the column, it 
passes a filament and the detector compares the thermal conductivity of the 
carrier/compound mix to the reference flow of carrier gas. In contrast in an FID, the 
compound is combusted with hydrogen, producing ions which are then be detected.  
2.4.4.1 Hydrogen analysis 
Two GCs were used during this study to analyse hydrogen production. The first was a 
Varian 3300 using a 2 m long, molecular sieve, 13X column and a TCD. When this GC 
became inoperable, analysis was continued using a Perkin Elmer Clarus 480 equipped 
with a 2 m x 1/8 in, silicostel molecular sieve and TCD. 0.2 mL was extracted from the 
reaction system using a gas tight syringe (from SGE) and injected into the GC. The 
column used was capable of separating hydrogen, oxygen, nitrogen and CO. A basic 
schematic of a GC is shown in Figure 2.6. Due to the difference in thermal conductivity 
between argon and hydrogen, argon was used as the carrier gas. When the difference in 
thermal conductivity between the carrier gas and the product is higher, the sensitivity of 
the measurement is greater.  
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Figure 2.6. Schematic of basic GC with configuration, heating programme and flow rates. 
The GC was calibrated using 10% hydrogen in argon (BOC). Known volumes were 
extracted from the cylinder using a gas tight syringe and injected into the GC. The area 
under the peak for hydrogen was recorded and repeated three times for each volume. A 
linear plot of volume of hydrogen against area is shown in Figure 2.7. The gradient of the 
slope could be used to calculate the hydrogen present in the reactor. The formula used to 
calculate the amount to hydrogen produced is shown below in Equation 2.2. 
Equation 2.2 Hydrogen calibration 
Injector 
(50°C)
Detector 
(120°C, TCD)
Oven (50°C)
Column 
(Argon flow 
rate 30 
ml/min)
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Figure 2.7. Hydrogen calibration plot 
2.4.4.2 Other gaseous product and liquid analysis 
To measure other gaseous products and liquid products a Perkin Elmer Clarus 480 was 
used. This system was equipped with two detecters; a TCD and FID. The method for 
analysing other gas samples was the same as for hydrogen but using a different column 
and carrier gas. The column used was a 5 ft x 1/8 in x 2.1 mm SS (Suplico Analytical) 
and the carrier gas was helium. The other gas products calibrated for were CO2 and CH4. 
These calibration plots are shown in Figures 2.7 and 2.8. The calculation to obtain the 
volume of product in the reactor vessel uses the same equation as above (Equation 2.2) 
y = 3E+07x + 19583
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Figure 2.7. CO2 calibration plot 
Figure 2.8. CH4 calibration plot 
2.5 Catalyst Characterisation 
2.5.1 X-ray Diffraction 
X-ray diffraction is technique that can be used to characterise crystalline materials and 
define their lattice structure. Specifically, this technique can measure the average 
y = 8E+07x - 49775
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spacings between layers in a crystal lattice, determine the crystal structure of an unknown 
material, signify whether the structure is amorphous and can determine the orientation of 
crystal. The technique was developed by William and Lawrence Bragg in the early 20th
century. When X-rays are reflected off a crystal, they form an interference pattern that 
can be analysed. This diffraction pattern is produced when a set of parallel X-rays 
intercept a set of parallel lattice planes separated by a distance, d. The atoms in these 
planes will scatter the incident rays at an angle of θ. These properties are related in the 
Bragg Law shown below in Equation 2.3 and shown in Figure 2.9. 
Equation 2.3. Bragg Law 
Figure 2.9. Schematic of diffracted beams in a crystal lattice 
In this study, XRD patterns were obtained by an Enraf Nonus FR590 diffractometer 
equipped with a hemispherical analyser using Cu Kα radiation (α = 1.54 Å). The current 
was 30 mA and a voltage of 40 kV. XRD patterns were used to acquire information about 
the phases of TiO2 present in the catalysts and also to obtain characterisation of crystal 
size using the Scherrer equation (Equation 2.4). 
θ
θ
θ
θ
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τ = mean size of crystallite
k = shape factor (usually 0.9) dependent on shape 
λ = X-ray wavelength  
β = line broadening at half maximum intensity (FWHM)
θ = Bragg angle 
Equation 2.4 Scherrer Equation 
2.5.2 BET Analysis 
The surface areas of the catalysts were characterised using BET analysis. This technique 
was developed by Brunauer, Emmett and Teller and published in 1938. The technique 
involves adsorption and desorption of a molecule onto the surface of the catalyst. There 
are two types of adsorption; physisorption and chemisorption. Physisorption involves 
weak interactions between the surface and the adsorbate whereas chemisorption involves 
chemical bonds (sharing of electrons) between the surface and the adsorbate. As a result, 
chemisorption requires much more energy for desorption to occur compared to 
physisorption. The adsorption isotherm used in BET analysis is based on similar 
assumptions as the Langmuir isotherm. The assumptions of the BET isotherm are listed 
below. 
1. Adsorptions occur only on well-defined sites of the sample surface (one per 
molecule) 
2. A molecule can act as a single adsorption site for a molecule of the upper layer. 
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3. The uppermost molecule layer is in equilibrium with the gas phase 
4. The desorption is a kinetically-limited process, i.e. a heat of adsorption must be 
provided:  
5. At the saturation pressure, the molecule layer number tends to infinity (i.e. 
equivalent to the sample being surrounded by a liquid phase) 
The catalyst was weighed, degassed and then exposed to nitrogen at different pressures 
(usually 5 different pressures). From the amount of adsorbed gas and the surface area of 
the adsorbate (N2), the surface area can be calculated using the following equation 
(Equation 2.5). 
V = the total volume of adsorbate (N2) 
Vm = the volume of gas molecules corresponding to the monolayer 
P = pressure 
P0 = saturation vapour pressure 
C = BET constant  
Equation 2.5. BET isotherm
Equation 2.5 can be plotted as a straight line graph with  on the y axis and on 
the x axis to produce a BET plot. The slope (S) and the intercept (I) are then used to 
determine the monolayer volume and the BET constant using Equations 2.6 and 2.7. 
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Equations 2.6 and 2.7 
To obtain the surface area of the catalyst the Equation 2.8 is used. 
N = avogadros number  
S = diameter of adsorbate 
Vm = molar volume of adsorbate gas 
Equation 2.8 BET surface area 
2.5.3 XPS (X-ray photoelectron spectroscopy) 
XPS is a useful technique to analyse the surface of the catalyst. It can identify the 
elements present, approximate surface coverage and their oxidation state. In the present 
work, XPS was used to determine the oxidation state of the metal nanoparticles on the 
surface of the catalyst before and after reaction. X-rays of a known wavelength are fired 
at the catalyst sample resulting in the emission of electrons via the photoelectric effect. 
The kinetic energy of the emitted electrons can be related back to their “binding energy” 
using Equation 2.9. 
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Ebinding = binding energy of electron 
Ephoton = energy of X-ray photons 
Ekinetic = kinetic energy of electron  
Ø = work function (dependent on instrument and sample) 
Equation 2.9 XPS binding energy 
All XPS studies were carried out by Dr David Morgan using a Kratos Axis Ultra-DLD 
photoelectron spectrometer with a monochromatic Al K x-ray source and the “hybrid 
spectroscopy” mode resulting in an analysis area of 700×300 µm at a pass-energy of 40 
eV for high resolution scans and 160 eV for survey scans. The XPS data was analysed 
using CasaXPS 9 with all binding energies referenced to the C(1s) peak at 284.7 eV with 
an uncertainty of ~0.2 eV. Curve fits were made using Gaussian-Lorentzian (GL(30)) 
lineshapes. 
2.5.4 TPR (Temperature programmed reduction) 
TPR monitors how easily the oxidised metal nanoparticles can be reduced. All of the 
metal nanoparticles used in this study are in their oxidised states prior to use as catalysts 
with the exception of gold. During the reaction, it is suggested that the metal nanoparticles 
need to be reduced before they can start acting as catalysts. Therefore the ease of 
reducibility can play a part in the activity of the different catalysts. 
The procedure begins with adding the catalyst to a glass U-tube. The u-tube is fixed into 
the machine and an inert gas (N2) is passed through the catalyst to remove any other 
gasses that were present. A mixture of N2 and H2 is then passed over the catalyst and the 
tube and its contents are heated using a low ramp rate (typically 5 K/min). As the catalyst 
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is heated, reduction can take place. The level of H2 flowing out of the U-tube is measured 
and a decrease in H2 indicates that reduction at that temperature has taken place.  
2.5.5 Raman spectroscopy 
Raman spectroscopy probes the vibrational and rotational modes present in a molecule. 
The set of peaks produced by Raman spectroscopy can be used to classify the molecule 
including identifying what phases are present. Light from a laser of a specific wavelength 
is fired at the sample and interacts with the vibration within the molecule. Two types of 
scattering occurs; inelastic (Stokes and anti-Stokes) and elastic scattering (Rayleigh) as 
shown in Figure 2.10. Radiation elastically scattered with the same wavelength as the 
incident laser is filtered out. The inelastic scattered radiation is detected, producing a 
Raman spectrum. Raman spectroscopy was used to determine the presence of different 
phases of TiO2 (anatase, rutile and brookite). The Raman spectroscopy in this study was 
carried out using a Renishaw inVia Raman microscope. 
Figure 2.10. Energy level transitions for Rayleigh, Stokes and Anti-Stokes Raman 
scattering 
3
2
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Rayleigh scattering Stokes scattering Anti-Stokes scattering
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2.5.6 Mass spectrometry 
Mass spectrometry is an analytical technique in which different masses within a sample 
are detected. The sample is firstly ionised and fragmented, then based on the mass/charge 
ratio separated and finally detected using an ion detector. A mass spectrometer consists 
of three main parts; an ion source, mass analyser, and a detector. Electron ionisation has 
been used in this study as the samples being analysed were gaseous. Electrons are emitted 
from a filament and bombard the sample, producing ionised fragments.  
The ionised fragments are then separated according to their mass/charge ratio by the mass 
analyser. The mass analyser used was a quadrupole mass filter where oscillating electric 
fields are used to control the pathways of the ions passing between four steel cylinders. 
The potential applied to the cylinders allows specific ionised fragments to pass through. 
The potential then changes so that fragments with other mass/charge ratios can move 
through. This effectively filters the fragments according to their mass/charge ratios. The 
ions are then detected by the ion detector producing a plot showing the relative amounts 
of fragments present in the sample. In order to detect the presence of gases other than H2, 
CO2, CO and CH4, gas samples were injected into a sampling system attached to a Hiden 
Analytical quadrupole Hal 201 mass spectrometer using He as the carrier gas. The 
cracking fractions for the gases detected are shown in Table 2.4. 
Gas Cracking fraction
H2 2 (1000), 1 (21)
CO2 44 (1000), 16 (94)
C3H8 29 (1000), 28 (615), 44 (402)
C4H10 43 (1000), 29 (442), 27 (371)
Table 2.4 Cracking fractions for gases detected using mass spectrometry.5
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3.1.Introduction 
The photocatalytic, ambient temperature, reforming of methanol, used to generate 
hydrogen gas, can be an alternative source to sustain global energy demand. 
Photocatalysis offers green hydrogen production with the reaction solely driven by solar 
energy. TiO2 is an ideal semiconductor for this purpose as it has a 3.2 eV band gap which 
allows photon absorption in the UV region. P25 TiO2 has been shown to exhibit better 
photocatalytic activity than other TiO2 types due to the presence of anatase-rutile 
heterojunctions, which are said to be the active sites of the catalyst.1, 2 Photocatalysts with 
high photon absorption and long charge separation have higher activity. One way of 
achieving this is to dope TiO2 with a metal. The metal acts as an electron sink, prolonging 
charge carrier separation, improving the lifetime of the active species.3, 4, 5 Also the 
interaction between the TiO2 and the metal allows electrons to move easily from the 
conduction band in the TiO2 to the Fermi of the metal, increasing the activity. Pure water 
splitting is very difficult. Using a sacrificial agent can increase hydrogen yields.  
Methanol can be used as a sacrificial agent as seen in early work by Kawai et al.6 and 
Naito et al.7 Methanol acts as a sacrificial reductant, extracting oxygen from water which 
in turn produces hydrogen. An important experiment to point out is photocatalytic 
methanol reforming in D2O.8 Here the hydrogen yield is far lower than with unlabelled 
water indicating that water is needed for the reaction to proceed to its full extent. Also 
that water is in fact split to produce hydrogen i.e. the hydrogen is not coming from only 
the methanol. As well as the photocatalyst and sacrificial agent, the method used to 
produce the photocatalyst is an important factor and can affect the hydrogen yield of the 
reaction. 
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3.1.1 Photocatalytic hydrogen production from methanol 
In 1972, Fujishima and Honda9 proposed a method of splitting water using 
electrochemical photolysis. Here, light equal to less than 413 nm illuminated the reactor 
and a voltage was applied between a TiO2 electrode and a platinum electrode. It was 
partly this work that sparked an interest in photocatalytic water splitting. As mentioned 
before pure water splitting is very difficult and the use of a sacrificial agent greatly 
increases hydrogen yields.  The next section will focus on the literature on photocatalytic 
methanol reforming for hydrogen production using metal loaded TiO2. 
The early work of Kawai and Sakata demonstrated that high hydrogen yields could be 
achieved using Pd/TiO2, Pt/TiO2 and RuO2/TiO2 with methanol in aqueous solution.6, 10
The main finding was that Pt/TiO2 had the highest activity, followed by Pd/TiO2 and then 
RuO2/TiO2. The maximum quantum yield was 40% which was for Pt/TiO2. They reported 
that using TiO2 alone produced much lower yields of hydrogen which they attributed to 
the charge separation being inefficient and/or the fact there was not a methanol oxidation 
catalyst present. Electrode catalysts were compared to powdered photocatalysts and it 
was reported that the powdered photocatalysts produced higher yields as they have larger 
surface areas. 
Similar work was done by Domen et al. and Naito et al. on photocatalytic alcohol 
reforming. Different semiconductors were explored using water and propan-2-ol.11
Pd/TiO2 , Pt/TiO2 and Rh/TiO2 were used for the photodecomposition of methanol and 
the presence of alkali metal cations for selectivity.12 Again Pt/TiO2 produced the highest 
yields of hydrogen, with Rh/TiO2 coming a close second. The hydrogen yields reported 
for Pd/TiO2 were much lower in relation to the other two photocatalysts. Addition of 
alkali metal cations such as Li, Na and Rb improved the selectivity towards hydrogen 
with Na being the most effective. 
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3.1.1.1 Platinum 
Pt/TiO2 achieves high hydrogen yields, more recently this photocatalyst has been 
researched further. In 2005 Galinska et al.13 published research on Pt/TiO2 for 
photocatalytic methanol reforming and using other sacrificial agents. Better hydrogen 
yields were achieved at 60˚C compared to 40˚C. Other gaseous products were also 
recorded including CO2 and CH4. EDTA and Na2S were also used as sacrificial agents 
however methanol produced the highest hydrogen yields. It was postulated that this was 
because some hydrogen is produced directly from methanol decomposition. Lin et al.14
used a micro-emulsion method of synthesising 0.1%-0.7% wt Pt/TiO2-xNx and TiO2-xNx. 
No activity was observed without Pt present. Ethanol and propan-1-ol were also used as 
sacrificial agents, however methanol produced the highest yield of hydrogen. This was 
suggested to be because using ethanol and propan-1-ol would require the cleavage of C-
C bond, slowing the reaction. Rosseler et al.15 compiled a study on Pt/TiO2 and Au/TiO2
using different supports with varying anatase and rutile components. The best catalyst for 
hydrogen production was Au/TiO2-P25 and it was suggested that this was because Au 
can store electrons at the Au-TiO2 interface (the active site) and that Pt is a better catalyst 
for the backwards reaction. A study which contradicts this was done by Naldoni et al.16
in 2013 which also compared Au/TiO2 and Pt/TiO2 found that Pt/TiO2 was the better 
photocatalyst due to Pt having greater electron sink abilities. The levels of other products; 
H2CO, CO2 and CO were recorded as well as H2. It was found that the ratio of H2:CO2 
was greater than expected (higher than 3) indicating that the oxidation of methanol was 
not complete. The ratio of CO2:CO for Pt/TiO2 was higher than for Au/TiO2 which was 
attributed to the fact that Pt is a better oxidation catalyst. 
PtO clusters have been deposited on TiO2 nanosheets at different weight and size loadings 
for solar water splitting.17 It was found that the smaller the cluster, the better the activity 
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of the catalyst. The best being 0.15 wt% PtO/TiO2 (nanosheet) producing 86.1 µmol g-1
h-1 where the nanocluster was 0.2 nm. It was suggested that the smaller the nanocluster, 
the lower the adsorption energy and the easier the removal of H2 from the surface of the 
photocatalyst. 
3.1.1.2 Gold 
Gold has been used a catalyst for many years, sparking from the observation by Haruta 
et al. in the 1980s that nano-gold is an active catalyst.18, 19  Using Au/TiO2 for alcohol 
reforming for hydrogen production was first explored by Bamwenda et al. using ethylene 
glycol and ethanol as sacrificial agents.20, 21 It was found that the preparation method of 
the Au/TiO2 and Pt/TiO2 was very important and gave very different activities. Photo-
deposition (FP), deposition precipitation (DP), impregnation (IMP) and physical mixing 
(MIX) methods were employed; the most promising being photo-deposition for Au and 
Pt photocatalysts (Table 3.1).  
Catalyst Hydrogen production rate/µmol g-1 min-1 
m-2 
1.8%Au/TiO2 (DP) 2.56
1.0%Au/TiO2 (FD) 7.81
3.0%Au/TiO2 (MIX) 0.84
1.0%Pt/TiO2 (DP) 3.70
1.0%Pt/TiO2 (IMP) 3.53
0.9%Pt/TiO2 (FD) 8.85
Table 3.1. Au/TiO2 and Pt/TiO2 catalysts prepared using different methods and hydrogen 
production from ethanol reforming.20
In 2011 a very interesting paper was published by Murdoch et al.22 Here the effect of 
using different loadings and different types of TiO2 was explored for photocatalytic 
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ethanol reforming. In general Au nanoparticles on anatase are usually smaller as anatase 
has a higher Fermi level which generates more metal-support electronic interactions, 
hindering growth. Anatase hydrogen yields were almost 2 orders of magnitude larger than 
those of the rutile photocatalysts. This was attributed to rutile having much higher charge 
recombination rates which has been documented in previous literature.23-25 Another point 
addressed in this paper was the effect of particle size on the yield of hydrogen. With lower 
loadings of Au, smaller nanoparticles were seen. TEM was used get an average Au 
nanoparticle size (Table 3.2). 
Catalyst Average Au nanoparticle 
size/ nm
Rate of hydrogen 
production/ mol min-1 
1%Au/TiO2 (anatase) 3 0.4 x 10-6 
2%Au/TiO2 (anatase) 9 0.5 x 10-6 
4%Au/TiO2 (anatase) 13 1.2 x 10-6 
8%Au/TiO2 (anatase) 18 0.6 x 10-6 
1%Au/TiO2 (rutile) 25 0.3 x 10-8 
2%Au/TiO2 (rutile) 25 0.3 x 10-8 
4%Au/TiO2 (rutile) 30 0.4 x 10-8 
8%Au/TiO2 (rutile) 32 1.1 x 10-8 
Table 3.2. Au/TiO2 photocatalysts, Au nanoparticle size and hydrogen production rate 
Table 3.2 shows that with higher loadings, the particle size increases and also that the Au 
nanoparticles on anatase are smaller than on rutile. It has been reported that smaller 
nanoparticles can shift the Fermi level negatively towards the conduction band which, in 
theory can increase electron hole lifetimes and therefore the activity of the 
photocatalyst.22 4%Au/TiO2 (anatase) exhibited the highest rate of hydrogen production. 
This was attributed to 4%Au/TiO2 (anatase) having a higher number of active sites (sites 
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at the perimeter of the Au nanoparticles). At 8% Au loading there was a decrease in the 
rate of hydrogen production. It was suggested that at this weight loading, there was less 
TiO2 exposed which led to a reduction in activity. The paper commented that it was not 
possible to access whether size had an effect as the catalysts had different loadings. The 
authors addressed this by normalising the data using XPS to attain the Au/TiO2 ratio. The 
normalised data is shown in Table 3.3. 
Au loading/ % XPS Au 4f/Ti 2p Rate /mol m-1 min-1 Normalised rate
1 0.003 4.7 x 10-7 1.4 x 10-4 
2 0.004 5.1 x 10-7 1.0 x 10-4 
4 0.008 11.0 x 10-7 1.4 x 10-4 
Table 3.3. Normalised hydrogen production rates using Au/TiO2
When the hydrogen production rate values were normalised, the rates were very similar. 
This indicates that from ~3-13 nm the size of the nanoparticles doesn’t have a big effect 
on the rate of hydrogen production.  
It is important to note however, that sub nanoclusters have been shown to enhance 
photocatalytic activity. In a study by Zhao et al.26 a range of Au clusters and nanoparticles 
were photo-deposited on CdS using Na2S as the sacrificial agent. The photocatalyst with 
0.95 nm Au clusters deposited on the surface achieved hydrogen production rates of 400 
µmol h-1 whereas the photocatalyst with 9 nm Au nanoparticles deposited on the surface 
produced a rate of around 30 µmol h-1.  
The first study using Au/TiO2 for hydrogen production from methanol reforming was 
done in 2004 by Bowker et al.27 A range of Au loadings were tested producing various 
amounts of hydrogen and interestingly a dual peak in rates was found at 0.2 and 2 wt%. 
It was postulated that because Au can take on two different morphologies when deposited 
on TiO2,28 the two peaks seen were a reflection of this. Since then many more studies on 
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Au/TiO2 for methanol reforming have been conducted. One example being a study 
compiled by Oros-Ruiz et al.29 on Au loading on TiO2 and it was found that the optimum 
was 0.5 wt% when compared to 0.25 wt% and 1 wt%. The preparation method used was 
deposition precipitation which could be why it was different to the findings in the paper 
by Bowker et al.25 where incipient wetness was used. It was concluded that there had to 
be a compromise between the presence of Au (electron sink) and the amount of TiO2
exposed to light. 
3.1.1.3 Palladium 
Palladium on TiO2 is an effective catalyst for photocatalytic methanol reforming. In 1999 
Bowker et al. 30 tested a range of loadings of Pd on TiO2 and different methanol 
concentrations.  Changing the initial methanol concentration had little effect on the 
hydrogen yield, suggesting that the reaction was close to zero order. Conversely changing 
the loading of Pd on TiO2 had an interesting effect. Increasing the loading from 0.001 to 
0.5 wt% increased the activity of the catalyst by a factor of 3. However when the loading 
was increased from 0.5 to 5 wt% almost no activity was observed. The increase in activity 
was ascribed to an increase in the interface between the metal and the support due to 
increased presence of palladium. The decrease in activity was attributed to, at higher 
loadings, the particles overlapping, decreasing the perimeter active area.31 A mechanism 
for the reaction was also proposed, detailing methanol decomposition as the first step 
with PdO being reduced via CO2 and H2O production.32
Pd has been compared to other metals for photocatalytic alcohol reforming by Yang et 
al.33 Pd/TiO2, Pt/TiO2, Rh/TiO2 and Pt-Rh/TiO2 prepared via impregnation were 
compared for ethanol reforming. Pd/TiO2 and Pt/TiO2 were equally effective 
photocatalysts for the reaction. Rh/TiO2 was a less active catalyst and interestingly the 
bimetallic Pt-Rh/TiO2 catalyst had the lowest activity. Although the photocatalysts were 
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calcined in air, the XPS suggests that only Rh is in oxide form and Pt and Pd are metallic. 
It was proposed this observation explains the trend in activity. 
3.1.1.4 Other metals 
Other metals loaded on TiO2 have been studied for photocatalytic methanol reforming 
for hydrogen production. Copper loaded on TiO2 has given shown to improve 
photocatalytic activity when compared to TiO2 alone.34-36 XPS studies on Cu/TiO2
suggest before the reaction Cu is present as CuO in Cu2+ oxidation state. After reaction 
the XPS suggests that the CuO is reduced to either Cu2O or Cu metal (the peaks are 
difficult to distinguish).37 Different preparation techniques have been investigated.38
Chemical reduction using NaBH4 yielded the highest hydrogen yields with Cu being 
present in the active catalyst as Cu2O. Wet impregnation and sol gel methods producing 
CuO were found to show reasonable activity. However photo-deposition method showed 
low activity and produced Cu metal loaded on TiO2. The trend in activity of the catalysts 
was attributed to the oxidation state of the Cu in the active catalyst. 
There is a little literature on the activity of Ni/TiO2 as a photocatalyst for this reaction. 
Ni/TiO2 was found to show some activity by Jing et al.39 however this was only when 
platinum was present as a co-catalyst. Ni/TiO2- TNT (TiO2 nano-tubes) was found to 
show some level of hydrogen production when compared to TiO2-TNT alone.40
Another noble metal that has been studied is silver. A study by Chiarello et al.41 compared 
Ag/TiO2 to Au/TiO2, Pt/TiO2, Pd/TiO2 and TiO2. It was found that Ag/TiO2 was less 
effective than the other noble metals tested but had some positive effect when compared 
to TiO2. 
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Table 3.4 summarises the literature discussed in this chapter including the nature of 
preparation method, oxidation state of the metal on the photocatalyst and the rate of 
hydrogen production from photocatalytic methanol reforming. 
Catalyst Preparation method Oxidation 
state
Rate of hydrogen 
production/ µmol h-1 g-1 
0.3%Pt/TiO242 Dry impregnation - 440
0.3%Pt/TiO215 Wet impregnation Pt(0) 900
0.64%Pt/TiO216 Deposition 
precipitation
Pt(0)/Pt(2+) 2200
5%Pt/TiO26 Physical mixing Pt(0) 1553
5%Pd/TiO26 Physical mixing Pd(0) 733
0.5%Pd/TiO230 Incipient wetness Pd(2+) 2000
2%Au/TiO215 Direct anionic 
exchange
Au(0) 1320
0.7%Au/TiO216 Deposition 
precipitation
Au(0) 1600
2%Au/TiO227 Incipient wetness Au(0) 3000
10%RuO2/TiO26 Physical mixing Ru(4+) 123
8%Cu/TiO238 Sol-gel Cu(2+) 1500
8%Cu/TiO238 Chemical reduction 
with NaBH4
Cu(2+) 2000
8%Cu/TiO238 Wet impregnation Cu(2+) 1600
8%Cu/TiO238 In situ photodeposition Cu(0) 900
1%Ag/TiO241 Flame spray pyrolysis - 117
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1%NiO/TiO243 Wet impregnation Ni(2+) 30
Table 3.4. Different M/TiO2 photocatalysts, preparation method, oxidation state and rate 
of hydrogen production from photocatalytic methanol reforming. 
It is clear that there has been a substantial amount of work investigating photocatalytic 
methanol reforming for hydrogen production using a range of different metals deposited 
on TiO2. Pt, Pd and Au look to be promising metals as does Cu when deposited on TiO2
for use as photocatalysts for photocatalytic methanol reforming. Despite this there are 
limited publications in the literature which provide direct comparisons of the different 
TiO2 supported metals that are prepared and tested in the same manner. As discussed in 
Chapter 1 there are many experimental variables which can significantly influence the 
hydrogen production rate. This body of work makes a fair comparison regarding the 
activity of a series of metals for photocatalytic methanol reforming. In addition to the 
testing of these catalysts, characterisation techniques such as XPS, TPR and UV-vis of 
the catalysts was also conducted, in an attempt to establish the properties that govern high 
performance for photocatalytic hydrogen production.  
3.2 Results and Discussion 
3.2.1 Different metal/TiO2 catalysts 
A range of metal/TiO2 photocatalysts were prepared via incipient wetness impregnation 
at a loading of 0.5 wt%. The TiO2 used for these photocatalysts was P25 Degussa. 
Hydrogen production was monitored over time during the photocatalytic methanol 
reforming reaction. 0.1% v/v methanol solution and 0.2 g catalyst was used for all 
experimental runs. The activity of the photocatalysts tested is shown below in Figure 3.1. 
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Figure 3.1 shows that loading TiO2 with metal nanoparticles produces active catalysts for 
photocatalytic hydrogen production from methanol reforming as TiO2 alone produces 
negligible hydrogen with or without the presence of UV light. Hydrogen is produced at a 
linear rate signifying a zero order reaction. This indicates that methanol has saturated the 
catalyst surface. There also appears to be no induction time for 0.5 wt% catalysts. 
Different metals exhibited different activities as summarised in Figure 3.2. Pt and Pd 
were the most active photocatalysts with a rate of hydrogen production of ~ 820 µmol h-
1 g-1. Although this is lower than the rates reported in other studies for the same metals,6, 
16, 27 it is not a fair comparison because, as mentioned previously, many experimental 
factors can greatly affect the rate of hydrogen production. Au and Cu followed with rate 
of ~ 370 µmol h-1 g-1. Rh, Ru, Ir and Ag showed low activity and Ni was found to be the 
least active metal. 
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Figure 3.1. Hydrogen produced using different 0.5 wt% metal/TiO2 catalysts and a 0.1% 
methanol solution
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Figure 3.2 compares M/TiO2 photocatalysts using the same wt% of metal, a better 
comparison might be per mole metal as shown in Figure 3.3. 
When comparing the metals by mole of metal present, it is clear that Pt is the most active 
metal, followed by Pd and Au. The relative activity of Cu has fallen however it is a much 
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Figure 3.2. Rate of hydrogen production by each metal, per gram photocatalyst
Figure 3.3. Rate of hydrogen production per mole metal
Chapter 3 
67 
cheaper resource compared to Pt, Pd and Au. The current prices of metals and the activity 
per dollar is shown in Table 3.5. 
Metal Price / 
USD 
tOz
Rate of hydrogen 
production / mL 
min-1 
Rate of hydrogen 
production per gram 
metal / mL min-1 g-1 
Rate of hydrogen 
production per gram 
per Dollar / mL min-1 
g-1 USD
Pd 608 0.061 6.11 0.010
Pt 1079 0.061 6.11 0.006
Au 1289 0.028 2.83 0.002
Rh 725 0.011 1.11 0.001
Ru 42 0.017 1.67 0.040
Cu 13.4 0.028 2.83 0.211
Ir 500 0.011 1.10 0.002
Ni 0.263 0.004 0.39 1.475
Ag 17 0.006 0.61 0.036
Table 3.5. Current price of metals (May 2016) and activity
Table 3.5 shows that although Pt is a more active catalyst per mol, Pd is more economical. 
Interestingly Ni is the most economical metal for this process, followed by Cu. Therefore 
although they may have lower have activities compared to Pd and Pt, they still are 
promising metals for the future. 
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These experiments have further demonstrated the need for metal nanoparticles to be 
present on the TiO2 as highlighted from previous literature.4 The metal nanoparticles act 
as an electron sink, increasing electron-hole lifetime and therefore the activity of the 
photocatalyst. The metal also plays an important role in the adsorption and decomposition 
of methanol. The trend in activity by metal appears to agree with the majority of literature, 
20, 33, 41 with Pt being the most active metal followed by Pd and Au. The inactivity of Ag 
and Ni is not surprising as the literature reported for these metals is in agreement. Higher 
yields of hydrogen using these metals has only been reported when using of a co-catalyst 
39 or with high temperatures.44
3.2.2 Loading of metal/TiO2 catalysts 
The weight loading of the photocatalyst has been reported to greatly affect activity. Here 
the effect of different weight loadings for Pd, Au and Cu has been investigated. 
Figure 3.4. Hydrogen production from photocatalytic methanol reforming using different 
Pd wt% loadings 
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The weight loading for Pd/TiO2 was varied from 0.05% to 5% and the catalysts were 
tested for photocatalytic methanol reforming using a 1% methanol solution as shown in 
Figure 3.4. 0.5 wt% Pd/TiO2 gives the highest yield of hydrogen after 3 hours which is 
in keeping with previous literature.30 The trend in the activity using different loadings 
can be explained as follows. The active site for this reaction is the interface between the 
metal and the TiO2. As the loading of Pd increases from 0.05% to 0.5%, the perimeter 
around the nanoparticles (active sites) increases. After 0.5% the activity drops because 
the nanoparticles are now overlapping, reducing the perimeter and therefore the amount 
of active sites.31 An induction time for the higher loadings of Pd (0.5% and 5%) of around 
30 min can be seen in this data. The Pd/TiO2 is calcined in air during its preparation, 
suggesting that the catalyst before the reaction is PdO/TiO2. The induction time at higher 
loadings of Pd suggests that reduction of the PdO to Pd by methanol is necessary for the 
reaction to proceed. 
The same experiment was also carried out for Au/TiO2 using 0.2, 0.5, 1 and 2 wt% 
Au/TiO2. The results are shown below in Figure 3.5.  
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Figure 3.5. Hydrogen production from photocatalytic methanol reforming using different 
wt% Au/TiO2
The highest yield for Au was obtained at a wt% loading of 0.5% as seen in Figure 3.5. 
Contrary to previous work, a “double maximum” at 0.5% and 2% was not observed.27
However if higher loadings were investigated; a “double maximum” may be seen. No 
induction time is apparent with Au/TiO2. It is well known that Au forms metallic gold 
nanoparticles, even when calcined in air. Therefore reduction is not required when using 
this catalyst as the active catalyst is already present. 
The weight loading of Cu/TiO2 was investigated using 0.1, 0.5 and 1 wt% using 1% 
methanol solution. The experiment was carried out for 90 minutes only but at more 
frequent intervals. The results are shown in Figure 3.6. 
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Figure 3.6. Hydrogen production from photocatalytic methanol reforming using different 
wt% Cu/TiO2 
0.5% Cu/TiO2 was found to be the most active photocatalyst. However interestingly, 
0.1% Cu/TiO2 also showed high activity. 2% Cu/TiO2 showed very low activity, however 
it is likely that Cu has a longer induction time. 
3.2.3 XPS 
XPS was used to investigate the oxidation state of the active catalyst. The induction time 
at higher loadings of Pd/TiO2 suggests that reduction takes place during the reaction to 
produce the active species (PdO to Pd metal). XPS was carried out before and after the 
reaction for Pt/TiO2, Pd/TiO2, Cu/TiO2 and Ni/TiO2. 
Analysis of the Ti 2p peaks on the XPS spectra indicates that there is no change in the 
TiO2 during the reaction or with the addition of metals (Figure 3.7). Peaks are present at 
458 and 464 eV corresponding to Ti 2p3/2 45 and Ti 2p1/2.46
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Figure 3.7. XPS of Ti 2p for Pt/TiO2 before (a) and after (b) reaction, Cu/TiO2 before (c) 
and after (d) reaction and Ni/TiO2 before (e) and after (f) reaction 
Looking at the O 1s peaks for the catalysts tell a similar story in that all the oxygen species 
present are the same in each catalyst, and before and after reaction. Peaks are present at 
529 eV corresponding to O2- and at 531 eV corresponding to OH- (Figure 3.8). 
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Figure 3.8. XPS for O 1s peaks for Pt/TiO2 before (a) and after (b) reaction, Cu/TiO2
before (c) and after (d) reaction and Ni/TiO2 before (e) and after (f) reaction  
The XPS for Pt 4f7/2 shows two different oxidation states of Pt present in the sample 
before reaction. The peak 72.08 eV corresponds to Pt2+ (PtO) 47 and the peak at 73.92 eV 
corresponds to Pt4+ (PtO2).48 The peak areas have a ratio of 7:3 (PtO:PtO2). The peaks are 
also split with a difference in eV of 3.3. After reaction it appears that the platinum oxide 
has been reduced somewhat to Pt metal with the presence of a new peak as seen in Figure 
3.9 at 70.6 eV.49 The ratio of area of the peaks present is 30:50:17 (PtO:PtO2:Pt). This 
data is summarised in Table 3.6
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Figure 3.9. XPS of Pt 4f for Pt/TiO2 before (a) and after (b) reaction 
Species Peak position/ 
eV
Percentage of species 
present before reaction
Percentage of species 
present after reaction
Pt 70.6 0% 17.5%
PtO 72.1 70% 51.5%
Pt2O 73.9 30% 31%
Table 3.6. Pt species present in 0.5%Pt/TiO2 before and after reaction 
The Pd 3d5/2 XPS shows that before the reaction there is only PdO present on the surface 
of the catalyst (Figure 3.10). The peak at 336.8 eV corresponds to Pd2+ in PdO.50 The 
peak is split by 5.4 eV (characteristic of this species). After reaction, there is a new peak 
at 334.8 eV signifying the presence of Pd metal, 51 indicating that Pd is reduced during 
the reaction. 
PtPt2O PtO
b
a
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Figure 3.10. XPS of Pd 3d for Pd/TiO2 before (a) and after (b) reaction 
The Cu 2p3/2 XPS in Figure 3.11 shows peaks at 932.17 and 934.13 eV. The peak at 
932.17 eV could correspond to either to Cu metal 52 or Cu 2+ but it is difficult to 
distinguish between them. The peak at 934.13 is likely to correspond to Cu2+ in Cu(OH). 
53 The high binding energy of 934.13 eV indicates that Cu 2+ is present as Cu(OH)2 but 
also the presence of the shake up structure at around 342 eV which is characteristic of 
Cu(OH)2. 54 Although the peak for Cu 1+ also corresponds to the binding energy ~933 eV, 
Cu2O is red in colour and the catalyst was green which makes the presence of Cu2O 
improbable. After reaction, the same peaks were present but the peak at ~933 eV 
increased which could suggest that some of the Cu2+ has been reduced to Cu metal.  
b
a
Chapter 3 
76 
Figure 3.11. XPS of Cu 2p for Cu/TiO2 before (a) and after (b) reaction 
The XPS for Ni 2p3/2 was the same for both before and after reaction (Figure 3.12). The 
XPS has a peak at 855 eV which is split, producing another peak at 873 eV. Each of the 
peaks has satellites at 861 and 879 eV which is characteristic of Ni2+.55 There is no peak 
at ~852 eV in either spectrum indicating that there no Ni metal present before or after the 
reaction. Therefore, this suggests that the Ni2+ is not reduced during the reaction. 
a
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Figure 3.12. XPS of Ni 2p for Ni/TiO2 before (a) and after (b) reaction 
Overall the XPS shows that the catalysts that are active are reduced during reaction. 
Ni/TiO2 is nearly inactive for photocatalytic methanol reforming and from the XPS it is 
clear that there is no change in the Ni species after reaction. 
3.2.4 TPR 
Temperature programmed reduction (TPR) is a useful technique to probe the temperature 
at which a species will reduce. The reductant used was hydrogen and the catalysts studied 
were Pd/TiO2, Pt/TiO2, Cu/TiO2 and Ni/TiO2. Different ramp rates were also investigated. 
The TPR of Pd/TiO2 is shown below in Figure 3.13. 
a
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Figure 3.13. TPR plot for Pd/TiO2 at different ramp rates 
Figure 3.13 shows the TPR data for 0.5%Pd/TiO2 giving a negative peak. It is possible 
that PdO is reduced at a low temperature (<100°C). The Pd metal present then absorbs 
hydrogen atoms into the lattice.56 Then at a certain temperature (here ~100°C), all of the 
hydrogen in the structure is expelled producing a negative peak. 
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Figure 3.14. TPR plot for 0.5% Pt/TiO2 at different ramp rates 
Figure 3.15. TPR plot for 0.5% Cu/TiO2 at different ramp rates 
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Figure 3.16. TPR plot for 0.5% Ni/TiO2 at different ramp rates 
The TPR plot for 0.5% Pt/TiO2 shows weak reduction peaks from around 80-120 °C as 
seen in Figure 3.14. When the ramp rate is increased from 5 °C min-1 to 15 °C min-1, the 
temperature at which reduction takes place shifts higher. Figure 3.15 shows the TPR 
profile for 0.5% Cu/TiO2.  The reduction of Cu/TiO2 takes place between 150-200 °C. 
This is higher than Pt/TiO2 indicating that the reduction of the Cu species requires more 
energy than the Pt species.  The 0.5% Ni/TiO2 TPR profile (Figure 3.16) exhibits very 
weak peaks at around 220-250 °C, making it the least reducible out of the three. The peak 
maximum temperatures from these data can be used to calculate the activation energy of 
reduction using a Kissinger plot.57
The relationship between the shift in temperature peak maximum (Tmax) and the ramp 
rate (β) is given by the Kissinger equation (Equation 3.1). The pre exponential factor and 
the activation energy can be then be calculated from a plot of ln(β/Tmax2) against 1/Tmax. 
The gradient of this plot is equal to –Ea/R and the intercept is gives ln(AR/Ea). 
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Equation 3.1. Kissinger Equation 
Using the temperature peak maximum and the ramp rate from the TPR, Table 3.7 has 
been composed. 
Catalyst (β) Ramp 
rate/⁰C min-
1
Temperature of 
Peak Maximum/°C
Temperature of 
Peak 
Maximum/K
ln 
(β/T2)
1/T
Ni 5 226 499 -10.8 0.0020
Ni 10 235 508 -10.1 0.0019
Ni 15 245 518 -9.79 0.0019
Cu 5 149 422 -10.4 0.0023
Cu 10 180 453 -9.9 0.0022
Cu 15 196 469 -9.5 0.0021
Pt 5 87 360 -10.1 0.0027
Pt 10 111 384 -9.5 0.0026
Pt 15 128 401 -9.2 0.0024
Table 3.7. Data and calculations for Kissinger plot for 0.5%Ni/TiO2, 0.5%Cu/TiO2 and 
0.5%Pt/TiO2
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Figure 3.17. Kissinger plot 
The Kissinger plot for 0.5%Ni/TiO2, 0.5%Cu/TiO2 and 0.5%Pt/TiO2 is shown above in 
Figure 3.17. According Equation 3.1, from the slope of the plots, the activation energy of 
reduction can be calculated (Table 3.8). 
Catalyst Slope Activation energy kJ mol-1 
Ni/TiO2 -13879 115.39
Cu/TiO2 -3683 30.62
Pt/TiO2 -2603 21.64
Table 3.8. Activation energy of reduction calculation 
From these calculations the platinum catalyst is the easiest to reduce with a calculated 
activation energy of 21.64 kJ mol-1. The most difficult is the Ni catalyst with an activation 
energy of 115.39 kJ mol-1. The XPS has shown that Ni shows no change in oxidation 
state before and after reaction, with Ni remaining as NiO which agrees with the TPR data.  
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From the XPS both Pt/TiO2 and Cu/TiO2 are reduced somewhat during reaction, which 
is consistent with this TPR data as both exhibit low activation energies. 
3.2.5 Metal Properties 
3.2.5.1 Metal Reducibility 
The enthalpy of reduction for each metal oxide during the reaction was estimated using 
Equation 3.2 according to Equation 3.3. The reactants being the metal oxide present on 
the catalyst at the beginning of the reaction and methanol. The products being the metal, 
carbon dioxide and hydrogen. An example of this reaction is shown in Equation 3.3.  
Equation 3.2. Calculation for enthalpy of reduction 
MOx + xCH3OH → M +  xCO2 + 2xH2 
E.g. PdO + CH3OH → Pd + CO2 + 2H2
Equation 3.3. Generalised mechanism for photocatalytic methanol reforming 
Most of the metals are present in oxidised form before the reaction with the exception of 
Au which is present in metallic state. The metals, their estimated enthalpy of reduction 
and activity are summarised below in Figure 3.18. 
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Figure 3.18. Enthalpy of reduction for each metal oxide compared to activity towards 
photocatalytic methanol reforming 
Figure 3.18 shows that metals with positive enthalpies of reduction i.e. Ni, have poor 
activity for photocatalytic methanol reforming. Generally speaking, the metals with more 
negative enthalpies of reduction e.g. Pt and Pd, exhibit higher activity.  This suggests that 
the reduction of the metal oxide prior to reaction is an activation barrier to the reaction 
continuing on to water splitting. From these calculations, the enthalpy of reduction of Ag 
is -250 kJ mol-1. This should mean that silver is an active catalyst for photocatalytic 
methanol reforming however it’s activity is much lower than other metals with similar 
enthalpies of reduction. 
3.2.5.2 Work Function  
A paper published by Chiarello et al. speculated that the work function, Φ, of the metal 
could be related to the activity of the catalyst.41 The greater the difference in work 
function between the TiO2 and the metal, the more electron transfer, producing a more 
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active photocatalyst. Ag has a low work function of 4.74 eV, only just higher than TiO2
(4.6-4.7 eV), 58 which could explain why it is inactive even though it is readily reducible. 
The work functions of the metals are tabulated below in Table 3.9.59
Metal Work Function Φ/ eV
Pd 5.6
Pt 5.93
Au 5.47
Cu 5.10
Ru 4.71
Rh 4.98
Ir 5.00
Ni 5.04
Ag 4.26
Table 3.9. Metal and work function in eV 
The work function of the metal and the activity of the catalysts by metal have been plotted 
below in Figure 3.19. 
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Figure 3.19. Work Function of metal against hydrogen production per mole metal 
Figure 3.19 shows a good relationship between the work function of the metal and 
hydrogen production. Platinum has a high work function of 5.93 eV and has the best 
activity and Ru has a low work function of 4.71 eV and is a fairly inactive catalyst. On 
the other hand, Ni has a work function of 5.04 eV which is only 0.06 eV less than Cu, 
however Cu is an active catalyst for photocatalytic hydrogen production whereas Ni is 
not. This suggests that to obtain a highly active catalyst for photocatalytic methanol 
reforming, the metal needs have a high work function compared to TiO2 and the ability 
to be reduced easily. The adsorption of metals on TiO2 create a Schottky junction which 
increases charge separation.60 The higher the difference in work function between the 
metal and TiO2, the longer the charge separation time and therefore the better the 
photocatalyst. 
3.2.5.3 Band gap 
It is reported that metal nanoparticles can alter the band gap of TiO2 and increase 
absorption into the visible region.61, 62 UV-vis diffuse reflectance spectroscopy has been 
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used to probe whether the change in band gap has a relationship with the catalyst activity 
towards photocatalytic methanol reforming. The spectra are shown below in Figure 3.20. 
Figure 3.20. UV-vis spectroscopy of metal loaded TiO2 catalysts 
The absorption edge of TiO2 alone is around 400 nm. As seen in Figure 3.20 the 
absorption edge with metal loaded TiO2 increases to above 400 nm. An example of how 
this was calculated by extrapolation is shown in Figure 3.21 for 0.5%Au/TiO2 and shows 
it be ~425 nm. 
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Figure 3.21. Example showing the absorption edge for 0.5%Au/TiO2 found by 
extrapolation (blue line) 
The direct band gap of the metal loaded photocatalysts can be calculated using a Tauc 
plot (Figure 3.22).63 The equation used to construct the plot is shown below in Equation 
3.4.64
α = absorption coefficient = absorbance
k= parameter related to the effective masses associated with the valence and conduction 
bands 
n = ½ for direct band gap 
Eg = band gap 
Equation 3.4. Tauc plot equation 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
200 300 400 500 600 700 800
A
bs
Wavelength/ nm
Chapter 3 
89 
Figure 3.22. Tauc Plot for metal loaded TiO2 catalysts 
The Tauc plot shown in Figure 3.22 indicates that the band gap for Au/TiO2 is 2.74 eV. 
This is considerably lower than TiO2-P25 (3.2 eV) and suggests that Au/TiO2 will absorb 
light of longer wavelengths i.e. in the visible region. Au shows a strong absorption around 
600 nm due to the surface plasmon resonance phenomena. 65  The band gaps calculated 
using Tauc plots are summarised in Table 3.10. 
Catalyst Band gap/ eV
Pd/TiO2 2.65
Pt/TiO2 2.71
Au/TiO2 2.74
Cu/TiO2 2.71
Rh/TiO2 2.68
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Ru/TiO2 2.62
Ir/TiO2 2.68
Ni/TiO2 2.68
Ag/TiO2 2.74
Table 3.10. Metal loaded TiO2 and their corresponding band gap according to Tauc plot 
The Tauc band gaps for the photocatalysts were plotted against hydrogen production in 
Figure 3.23. 
Figure 3.23. Tauc Band gap against hydrogen production per mole metal 
Figure 3.23 shows that there no correlation between the band gap of the metal loaded 
TiO2 and the activity of the catalyst. However the UV-visble diffuse reflectance 
spectroscopy has shown that loading TiO2 with metal can increase absorption into the 
visible region.  
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3.3 Conclusion 
The work in this chapter has focused on metal loaded TiO2 for photocatalytic methanol 
reforming for hydrogen production. Different metals were loaded on TiO2 and tested for 
their activity towards photocatalytic methanol reforming. The best catalyst was found to 
be Pt/TiO2 followed by Pd/TiO2 and Au/TiO2. Ag/TiO2 and Ni/TiO2 were found to be 
nearly inactive catalysts for this process. An induction time was observed for high 
loadings of Pd/TiO2 suggesting that before the reaction could proceed, the metal oxide 
has to be reduced. XPS analysis confirmed this for Pt/TiO2, Pd/TiO2 and Cu/TiO2. 
Ni/TiO2 was present as NiO before and after reaction. The enthalpy of reduction was 
calculated for each metal and plotted against activity. In general easily reduced metal 
oxide produced better catalysts whereas metal oxides with higher enthalpies of reduction 
were found to be less active. Another factor influencing activity was work function. 
Largely the greater the difference in work function between the metal and TiO2, the better 
the catalyst. This was attributed to better electron transfer and longer charge separation 
time. UV-vis spectroscopy confirmed that loading metal nanoparticles onto TiO2 can 
extend the band gap of TiO2 into the visible region. However the band gap change for 
different metals had no relation to the catalyst activity. In conclusion, there are two factors 
that influence the activity of the M/TiO2 catalyst. The first is the difference in work 
function between the metal and TiO2. The second is the ease of reducibility of the metal 
oxide. The best catalyst for this reaction was Pt/TiO2 because it has a high work function 
and platinum oxide is easily reduced to Pt.  
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4.1 Introduction 
The use of fossil fuels since the industrial revolution has increased the levels of CO2 in 
the atmosphere from 280 to 400 ppm.1 CO2 is a greenhouse gas and so with increasing 
CO2 levels, the temperature of the Earth will increase leading to global warming. Fossil 
fuels are a finite source of energy and will eventually run out. Alternative, greener energy 
resources are being developed. One of these is hydrogen from water spitting using 
sacrificial agents. Methanol is said to be “the next chemical vector” after petrol as it is 
compatible with the existing petroleum infrastructure.2 Other oxygen containing 
compounds have been used for photocatalytic hydrogen production including ethanol,3
n-butanol,4 glycerol,5, 6 and sugars such as glucose.7
4.1.1 Methanol 
Using methanol as a sacrificial agent for photocatalytic methanol reforming was first 
achieved in 1980 by Kawai and Sakata where hydrogen was efficiently produced using 
metal loaded titania.8 This work was continued using IR spectroscopy to study the 
mechanism of photocatalytic methanol reforming by Naito et al. in 1983.9 The proposed 
mechanism is shown below in reaction (4.1) and (4.2). It was concluded that the presence 
of CO2 indicated that water was split.  
CH3OH → CH3O (ads) + H (ads)    (4.1) 
CH3O (ads) + H2O → CO2 (g) + 5/2 H2 (g)   (4.2) 
More recently, Bowker et al. proposed a full mechanism for photocatalytic methanol 
reforming on Pd/TiO2.10 Different concentrations of methanol were used to establish how 
this affected the reaction rates. It was found that after ~20 µl of methanol, the increase in 
the rate of reaction slowed. At around 20 µl it was suggested that a full monolayer of 
methanol was adsorbed on the surface and the order of reaction after this point was near 
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zero. This was attributed to saturation type kinetics (Langmiur Hinselwood model). 11, 12
The mechanism suggested is depicted below in Figure 4.1. 
Figure 4.1. Mechanism for photocatalytic methanol reforming.10
The first step (a) involves methanol adsorption and decomposition on Pd. This occurs 
without light leading to saturation and poisoning of Pd with CO. In (b) light excites 
electrons to produce a highly active oxidising species (O-). CO2 is produced by this 
reaction leaving vacant metal site and anion vacancy (h+) in the oxide in (c). Step (d/e) 
involves methanol adsorption to metal site and water filling the hole (h+), releasing 3 
mole hydrogen. Finally the catalyst is regenerated in step (f). The oxidising species was 
suggested to be OH-, OH• or O•.13 No intermediates were reported. In a recent study by 
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Nomikos et al. it was suggested that formic acid and formaldehyde stay adsorbed to the 
photocatalyst until full decomposition and oxidation to CO2.14
Methanol is known to adsorb to metal oxides via the methoxy species.15 Methanol readily 
produces formaldehyde under UV illumination.16, 17 Decomposition to formaldehyde has 
been investigated by FTIR spectroscopy and the proposed mechanism is shown below in 
reactions (4.3), (4.4) and (4.5).18
CH3OH → CH3O- (ads) + H+     (4.3) 
CH3O- (ads) + H+ → CH3O• (ads)     (4.4) 
CH3O• (ads) + h+ → CH2O (ads) + H+    (4.5) 
It was suggested that the formaldehyde species does not desorb but undergoes further 
oxidation using surface oxygen ion (O(s)) to form dioxymethylene, reaction (4.6). 
 CH2O (ads) + O (s) → H2CO2 (ads) + H+    (4.6) 
Dioxymethylene can then further consume photogenerated holes to produce formic acid 
and release photons. Finally the surface formic acid can be decarbonylated via the photo-
Kolbe reaction,7, 19, 20 resulting in CO2 and H2 as shown in reaction (4.7). 
H2CO2 (ads) + h+ → HCOO (ads) + H+ → CO2 + H2  (4.7) 
Intermediates have been reported for steam photo-reforming of methanol and the photo 
oxidation of methanol. Formaldehyde, formic acid and CO were detected for steam photo 
reforming.21 Formaldehyde and formic were reported for photo-oxidation.22
4.1.2 Alcohols 
Many alcohols have been used as sacrificial agents for photocatalytic hydrogen 
production with varying degrees of hydrogen yields.4, 23 Primary and secondary alcohols 
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produce similar results whereas negligible hydrogen yields are found for tertiary alcohols. 
Some rules were established to predict whether an alcohol will produce hydrogen.4
1. Hydrogen atom alpha to hydroxyl group must be present 
2. Alkyl groups attached to alcohols yield corresponding alkanes 
3. Methylene groups between alcohols are fully oxidised to CO2
4. “Competing” methyls will further oxidise producing more H2
These rules mean that the stoichiometry of a reaction can be predicted. An example of 
propane diol is shown below in reaction (4.8) and (4.9). 
1,2-propane diol 
C3H8O2 + 2H2O → CH4 +2CO2 + 4H2   (4.8) 
1,3-propane diol 
C3H8O2 + 4H2O → 3CO2 + 8H2    (4.9) 
Some examples of alcohols and the products detected by mass spectroscopy are shown 
below in Table 4.1.24
Alcohol Products
methanol H2, CO2
ethanol H2, CO2, CH4
1-propanol H2, CO2, C2H6
2-propanol H2, CO2, CH4
1-butanol H2, CO2, C3H8
2-butanol H2, CO2, C2H6
Table 4.1. Alcohols used as sacrificial agents for photocatalytic alcohol reforming and 
the products observed 
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4.1.3 Polyols 
The use of polyols as sacrificial agents has been reported in literature.25, 26 It was reported 
that the more OH groups in a molecule the higher the reforming efficiency obtained.6
Glycerol, propylene glycol and 2-propanol were tested for photo reforming. The ratio of 
hydrogen production after 12 hours was 3:1.96:0.86 ≈ 3:2:1 showing a high correlation 
between the number of OH groups and hydrogen production. Scavenging efficiency was 
found to be better in polyols with more OH groups.27 An equation for ideal polyol 
reforming was proposed reaction (4.10). 
C3H8-x(OH)x + (6-x)H2O → (10-x)H2 + 3CO2  (4.10) 
The proposed equation was found for glycerol but not for propylene glycol and propan-
2-ol. This led to the conclusion that only hydrogen atoms bonded to hydroxyl carbon will 
be evolved as H2.  
4.1.4 Sugars 
Sugars are considered to be renewable resources of energy.28, 29 Sugars also contain a 
high number of OH groups. Kondarides et al. tested a range of alcohols and sugars 
including glucose and proposed that the stoichiometry of the reaction can be predicted 
using the following reaction (4.11).30
CxHyOz + (2x-z)H2O → xCO2 + (2x-z+ )H2   (4.11) 
It was reported that all alcohols and sugars tested followed the stoichiometry. An 
interesting point made in the paper was the heat content of hydrogen produced compared 
to the heat content of biomass used. The heat content of glycerol (ΔHc = 1660 kJ mol-1) 
was calculated to be about 20% lower than the heat content of the hydrogen produced (7 
x ΔHc = 258.8 kJ mol-1 = 2000 kJ mol-1).   
Chapter 4 
104 
Some literature has reported that the hydrogen production rate decreased with higher 
molecular weights of sugars i.e. starch < sucrose < glucose.7 The higher rate of glucose 
was attributed to quicker diffusion in solution.  
This chapter focuses on using different oxygenates with varying numbers of OH groups, 
particularly polyols as sacrificial agents for photocatalytic hydrogen production. The 
stoichiometric relationship between hydrogen and carbon dioxide produced has been 
probed in liquid phase and gas phase reactions in order to obtain further evidence of the 
mechanism previously proposed. Hydrogen production has been investigated using 
polyols, cyclohexanols, sugars and carboxylic acids in an attempt to gain higher hydrogen 
yields. The relationship between the number of oxygen containing groups and hydrogen 
yield has been explored and a formula for predicting hydrogen production has been 
proposed.  
4.2 Results and Discussion 
4.2.1 Hydrogen and Carbon dioxide stoichiometry 
The proposed overall reaction scheme for methanol reforming is shown in reaction 
(4.12).31 The stoichiometric relationship between hydrogen and carbon dioxide is 3 moles 
H2 to 1 mole of CO2.  
CH3OH + H2O → 3H2 + CO2     (4.12) 
The yield of hydrogen and carbon dioxide was monitored over time to establish whether 
the reaction followed the stoichiometry (Figure 4.2). Both H2 and CO2 are produced 
simultaneously at a steady rate. The presence of CO2 suggests that water has been split 
and is further evidence of the mechanism proposed by Bowker et al. 10 After 3 hours of 
reaction, 10.7 mL of H2 has been evolved but only 1.27 mL CO2. The H2:CO2 ratio here 
is higher than the expected 3:1. High H2:CO2 ratios have been reported in the literature 
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and it was suggested that it was due to incomplete oxidation of CO2 with CO being 
detected.32 During this experiment, however, no CO was detected suggesting that either 
CO is still adsorbed to the palladium surface or complete oxidation occurred only 
producing CO2. The high H2:CO2 ratio could be attributed to CO2 being dissolved in the 
reaction solution. This is discussed later in the chapter.  
Figure 4.2. H2 and CO2 production over time for photocatalytic methanol reforming using 
0.5%Pd/TiO2 in the liquid phase (100 mL water) 
The experiment was repeated in the gas phase to probe whether this would have an effect 
on the H2:CO2 ratio. Figure 4.3 shows hydrogen, carbon dioxide and carbon monoxide 
production over time using 10 mL water. Again H2 (20.72 mL) and CO2 (2.3 mL) are 
produced at a steady rate however CO (2.29 mL) was also observed.  
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Figure 4.3. H2 and CO2 production over time for photocatalytic methanol reforming using 
0.5%Pd/TiO2 in the gas phase (10 mL water) 
There is a higher rate of hydrogen production in the gas phase compared to the liquid 
phase with 20.72 mL of hydrogen produced in the gas phase and 10.7 mL in the liquid 
phase within 3 hours. It is possible that there is a higher ratio of methanol to water in gas 
phase reactions. Raoult’s law allows the approximation of vapour pressure of water and 
methanol to be calculated at a particular temperature. Equation 4.1 shows how the vapour 
pressure of water and methanol can be calculated where Pi = vapour pressure, Pi* = vapour 
pressure of pure component and xi = mole fraction. 
Equation 4.1. Raoult's law for calculation of vapour pressures 
The approximate temperature of reaction is 40°C. At this temperature the vapour pressure 
of pure methanol is 229.1 mm Hg 33 and the vapour pressure of pure water is 55.3 mm 
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Hg.34 Using equation 1 the vapour pressure during the gas phase reaction was calculated 
to be 1.02 mm Hg for methanol and 54.75 mm Hg for water. This gives a ratio of 
methanol to water of 1:53. In the liquid phase the molar ratio of methanol to water is 
1:2227. This suggests that in the gas phase there would be less competition between 
methanol and water for the active sites on Pd, leading to a higher rate of methanol 
decomposition and therefore a higher rate of hydrogen production.  
 The presence of CO in the gas phase reaction and not in the liquid phase reaction is 
interesting. Adsorbed CO is an intermediate during photocatalytic methanol reforming 
according to the proposed mechanism. It is possible that desorption of CO happens more 
readily in the gas phase compared to the liquid phase.  Another possibility is that the CO2
produced during the reaction is reacting with the vacancies in the TiO2 lattice. During 
photocatalytic methanol reforming, CO is oxidised by an excited O- species. This leaves 
a vacancy in the lattice which is filled with water. It could be suggested that CO2 fills the 
vacancy and is reduced to CO. As mentioned earlier, the ratio of methanol to water is 
higher in the gas phase which suggests that there would be less competition with water 
for the vacancy, which is why this might occur in the gas phase and not in the liquid 
phase. 
In the gas phase reaction using 10 ml water 20.72 mL of H2, 2.42 mL CO2 and 0.96 mL 
CO were produced in 3 hours. This is a H2:CO2 ratio of 8.35:1. Incorporating CO into the 
ratio (H2:C) calculation gives 5.64:1 which is closer to the expected 3:1 ratio. The volume 
of water used during photocatalytic methanol reforming was reduced to 1 mL which gave 
a H2:CO2 ratio of 5.4:1 and H2:C ratio of 3.8:1 (Figure 4.4). Therefore this suggests that 
with less water present, a better stoichiometric relationship is achieved. The optimum 
stoichiometric relationship is 3 moles of hydrogen to one mole of carbon dioxide. This 
would be significant evidence to support the proposed mechanism. 
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Figure 4.4. Ratio of Hydrogen:Carbon dioxide and Hydrogen:Carbon for photocatalytic 
methanol reforming in liquid phase and gas phase 
The pH of the water was recorded before and after reaction and it was noted that the pH 
decreased. CO2 dissolves in water and can react with water to produce carbonic acid 
reaction (4.13). 
CO2 + H2O H2CO3 (4.13)
The observed decrease in pH suggested that the CO2 produced during the reaction could 
be dissolved in the reaction solution. To establish whether this was happening the reaction 
solution (gas phase, 10 mL water) was heated after the reaction and the level of CO2 was 
measured (Figure 4.5). 
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Figure 4.5. CO2 level throughout photocatalytic methanol reforming and after reaction 
during heating at 60 °C (light switched off and heating began at 180 min)
Figure 4.5 shows that heating the reaction solution after the reaction evolves CO2. This 
is evidence that the CO2 produced during the reaction was dissolving in the reaction 
solution. After heating at 60 °C for 1 hour, the level of CO2 had risen to 5.96 mL. The 
ratio of H2:CO2 after heating was found to be 3.47:1. Therefore this has demonstrated 
that hydrogen and carbon dioxide are produced in a ~3:1 ratio which is strong evidence 
of the proposed mechanism. 
4.2.2 Carbon Monoxide 
It has been reported that methanol decomposes on Pd to form adsorbed CO at ambient 
temperatures.36 The proposed mechanism for photocatalytic methanol reforming suggests 
that it is adsorbed CO that is oxidised by the active oxygen species (O-) to produce a 
vacancy in TiO2, allowing water to be split. Therefore, it is possible to use CO as the 
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sacrificial agent, also known as the water gas shift reaction. 37 So CO was employed as 
the hole scavenger to examine hydrogen evolution further. 
4.2.2.1 Concentration 
The volume of CO was varied and the rate of hydrogen production was recorded to 
establish at what point saturation of the catalyst actives sites occurs (Figure 4.6). 
Figure 4.6. Hydrogen production using CO and 0.5%Pd/TiO2
Figure 4.6 shows that hydrogen production increases with the amount of CO until 2 mL. 
Using 5 mL CO gives a slight reduction in hydrogen production. The trend is similar to 
work by Bowker et al. which also used varying amounts of CO but here the most 
hydrogen was produced using 1 mL of CO.37
4.2.2.2 Phase 
The reaction using CO as a sacrificial agent was carried out in both the gas and liquid 
phases to establish whether the same trend is seen as for methanol, where higher hydrogen 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0 30 60 90 120 150 180
H
yd
ro
ge
n 
Pr
od
uc
ed
/ m
L
Time/ min
0.1 mL
1 mL
2 mL
5 mL
Chapter 4 
111 
yields were found for the gas phase reaction. The hydrogen produced from CO (2mL) is 
shown below for the liquid phase and gas phase reactions (Figure 4.7). 
Figure 4.7. Hydrogen production using CO and 0.5%Pd/TiO2 in liquid and gas phase 
Figure 4.7 shows that 2 mL CO in the gas phase generates over double what is produced 
in the liquid phase. The solubility of CO in water is 27.6 mg L-1. This means that the 
majority of the CO will be in the gas phase. Therefore in the gas phase there is likely to 
be a higher CO:H2O ratio, meaning less competition with water, generating more 
hydrogen.  
The liquid phase reaction with CO was repeated (crosses on Figure 4.7), however this 
time the reaction solution was left for one hour prior to turning on the lamp to allow the 
CO more time to dissolve into the water. Figure 7 shows that there is not a significant 
difference between the two.  
The reactions using CO are further proof of the proposed mechanism and also highlight 
the effect of competition with water on the hydrogen yield.  It is also important to note 
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that this is essentially the water gas shift reaction but at low temperatures. Normally very 
high temperatures are required but in this case light provides the additional energy. 
4.2.3 Polyols 
The use of polyols as sacrificial agents has been investigated. Polyols were chosen to 
investigate as they have alpha hydrogen adjacent to all the hydroxyl groups which should 
allow them to be dehydrogenated by Pd and they should therefore fully decompose to H2
and CO2, as methanol does,  according to the rules proposed by Bahruji et al.4 In addition 
Leung et al. reported high yields of hydrogen using glycerol.6 It was suggested that only 
hydrogen atoms bonded to hydroxyl carbon would be evolved as hydrogen, thus implying 
that the more OH groups in a polyol, so the hydrogen yield might be higher.  
4.2.3.1 Hydrogen Production 
Methanol and C2-C5 polyols were used as sacrificial agents for photocatalytic hydrogen 
production using the same number of moles of each. This meant that a direct comparison 
could be achieved. Hydrogen production over time is shown below in Figure 4.8 for each 
polyol. 
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Figure 4.8. Hydrogen production using methanol and C2-C5 polyols with 0.5%Pd/TiO2
catalyst 
Figure 8 shows that hydrogen is produced at a steady rate, with no induction time 
observed for methanol through to xylitol. Hydrogen yield increases from methanol to 
xylitol indicating that with more OH groups in the alcohol, the higher the hydrogen yield.  
If the polyols were following a similar reaction mechanism to the previously proposed 
mechanism and completely decomposing, the only by-product of this reaction should be 
CO2. Gas chromatography analysis showed that this was true and CO2 was the only other 
product. The volumes of CO2 detected after 3 hours of reaction are shown in Figure 4.9. 
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Figure 4.9. CO2 production after 3 hours of reaction for methanol and C2-C5 polyols 
using 0.5%Pd/TiO2 catalyst 
Figure 4.9 shows that methanol and C2-C5 polyols all produce CO2, however the ratio of 
H2:CO2 is not consistent with the proposed stoichiometry. This issue has been addressed 
previously in the chapter, where the low amount of CO2 was attributed to it being 
dissolved in the reaction solution.  
The proposed reaction schemes are shown below. The stoichiometries are derived from 
the rules proposed by Bahruji et al.4 and the formula proposed by Klondarides (scheme 
(11)).30
CH3OH + H2O → 3H2 + CO2     (12) 
C2H4(OH)2 + 2H2O → 5H2 + 2CO2    (15) 
C3H5(OH)3 + 3H2O → 7H2 + 3CO2    (16) 
C4H6(OH)4 + 4H2O → 9H2 + 4CO2    (17) 
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C5H7(OH)5 + 5H2O → 11H2 + 5CO2    (18) 
The above reaction schemes allow the prediction of the number of moles of hydrogen 
produces by each polyol per one mole of polyol used. A graph of the relationship between 
the number of OH groups and the expected hydrogen yield and the experimental 
hydrogen yield is shown below in Figure 4.10. 
Figure 4.10. The relationship between the experimental hydrogen yield (dashed line, 
yield taken at 90 minutes) and the predicted hydrogen yield (solid line) and the number 
of OH groups 
The plot for both the experimental and expected yield gives a straight line with the 
relationship y=1.978x+1.248 and y=2x+1 respectively. This suggests that the predicted 
reaction schemes are correct and is evidence that all the hydrogen atoms in the polyol are 
evolved as hydrogen.  
In order to explain the equation for the straight line (y=2x+1) for the number of moles of 
hydrogen from polyol reforming, the relationship between the moles of hydrogen evolved 
y = 1.978x + 1.248
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from the polyol and the moles of hydrogen from water was analysed. This is summarised 
in Table 4.2.  
Polyol Moles H2 from polyol Moles of H2 from water
Methanol 2 1
Ethylene Glycol 3 2
Glycerol 4 3
Erythritol 5 4
Xylitol 6 5
Table 4.2. Number of moles of hydrogen evolved from polyol and water 
The number of moles of hydrogen released from the polyol is equal to one mole per 
carbon/OH group and one additional mole of hydrogen from the terminal hydrogen on 
the terminal carbons of the polyol. This yields a formula of (n+1) where n = number of 
carbons/OH groups. Each carbon in the polyol requires one mole of water to oxidise 
adsorbed CO to CO2. This process then also releases one additional mole of hydrogen per 
hydroxyl group. Therefore total number of moles of hydrogen = (n+1) + n. This equation 
can then be simplified to 2n+1, which is the relationship observed above in Figure 4.10.  
Equation 4.2. Formula for prediction of number of moles hydrogen produced by polyol 
Equation 4.2 can then be used to predict the moles of hydrogen from other polyols where 
n = the number of C-OH groups in the polyol. 
Looking at the number of moles of hydrogen evolved from the polyol and the number of 
moles evolved from water led to another interesting observation. The proportion of 
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hydrogen from water splitting itself actually increases with an increase in OH groups. 
This is shown below in Table 4.3. 
Polyol % hydrogen from water splitting
Methanol 33
Ethylene Glycol 40
Glycerol 42
Erythritol 44
Xylitol 45
Table 4.3. Proportion of hydrogen from water splitting for methanol and C2-C5 polyols. 
Table 4.3 suggests that using a sacrificial agent with more OH groups is a more efficient 
process than with methanol as more hydrogen is produced directly from water splitting. 
For example 33% of the hydrogen produced using methanol is from water splitting 
whereas when using xylitol the percentage of hydrogen from water splitting increases by 
over 10 %. 
4.2.3.2 Mechanism 
Using polyols with more OH groups has been shown to increase the volume of H2
released. The number of moles of H2 produced using the different polyols, is relative to 
the predicted reaction schemes as they are at the correct ratio to the amount of hydrogen 
produced by methanol. This suggests that the reaction mechanism is similar to that of 
methanol. Beginning with the adsorption of the polyol, followed by decomposition of the 
polyol and photo-activation of TiO2 and finally water reduction. 
The first step of the reaction is the adsorption of the polyol on the Pd. The adsorption of 
ethylene glycol on Pd(111) has been studied using TPR by Griffin et al. where 
dehydrogenation of both the O-H groups was observed indicating that the polyol adsorbs 
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via the oxygen, also yielding adsorbed hydrogen.38 Other adsorption studies have found 
that only one of the oxygen atoms adsorbs, although these studies were based on Pt, Ni 
and Rh.39, 40 A study conducted by Tereshchuk et al. used DFT to probe the adsorption 
of glycerol on Pt surfaces and found that glycerol also adsorbs via one oxygen of the 
glycerol molecule.41 Therefore it is likely that the polyol adsorbs via a hydroxyl group 
(reaction 4.19). The O-H bond is dissociated, forming an alkoxy species and adsorbed 
hydrogen (reaction 4.20). 
The only other product detected other than H2 is CO2 which suggests that complete 
dehydrogenation and decarbonylation occurs during the decomposition of the polyol. It 
has been reported by Greeley et al. that dehydrogenation and decarbonylation occurs at 
an energy comparable to that for O-H and C-H scission after the removal of several 
hydrogen atoms from glycerol.42 It is possible that cascade dehydrogenation and 
decarbonylation of the polyol occurs, breaking the C-H and C-C bonds to produce 
adsorbed CO and adsorbed H (reaction 4.21). It is then suggested all adsorbed hydrogen 
is evolved as hydrogen gas (reaction 4.22). 
Meanwhile UV light excites electrons in the TiO2 to produce Ti3+ and O-  (reaction 4.23). 
The active oxygen species migrates to the interface between the TiO2 and the Pd and 
oxidises the adsorbed CO to CO2 (reaction 4.24). This leaves a vacancy in the TiO2 which 
is filled with water. The O-H bonds in the water are broken which produces hydrogen 
and the oxygen restores the TiO2 lattice (reaction 4.25).  
Below is a summary of the suggested processes involved during photocatalytic polyol 
reforming using xylitol as an example. 
1. Polyol adsorption 
C5H7(OH)5 (l) → C5H7(OH)5 (a)     (4.19) 
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C5H7(OH)5 (a) → C5H7(OH)4O (a) + H (a)   (4.20) 
2. Polyol decomposition  
C5H7(OH)4O (a) + H (a) → 5CO + 12H (a)   (4.21) 
3. Desorption of H (a) 
12H (a) → 6H2      (4.22) 
4. Photoactivation of TiO2 
TiO2 + hν → Ti3+ + O-     (4.23) 
5. CO oxidation 
5CO (a) + 5O- → 5CO2 (g) + 5V02-    (4.24) 
6. Water reduction 
5H2O (l) + 5V02- → 5H2 (g) + O2-    (4.25) 
Overall 
C5H7(OH)5 (l) + 5H2O (l) → 11H2 (g) + 5CO2 (g)  (4.26) 
As is shown in reaction (4.26), the suggested mechanism fits with the stoichiometry seen 
from the experimental data which is further evidence of the processes involved. 
There are a few aspects of this reaction that are interesting and pose questions. The first 
is that, if the proposed mechanism is correct, using longer chain polyols will require more 
O- species to oxidise CO to CO2 (reaction 24). The O- is produced photocatalytically from 
TiO2 (Reaction 23). This suggests that the quantum efficiency of the reaction using longer 
chain polyols increases. It has been reported by Schrob et al. that the scavenging 
efficiency was better with polyols with more OH groups27 which could be the case here.  
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The reaction using methanol has been suggested to be near zero order with respect to 
methanol and therefore adheres to saturation type kinetics.10 This means that the active 
sites on the catalyst are saturated with CO/methoxy and increasing the amount of 
methanol has little effect on the amount of hydrogen produced. The mechanism suggests 
that the polyols decompose fully to CO as with methanol. Using xylitol as the sacrificial 
agent is effectively increasing the concentration of CO as it decomposes to five CO, 
however using xylitol produces more hydrogen than methanol. This poses the question; 
how do the polyols produce more hydrogen than methanol in the same amount of time if 
all of the active sites are saturated with CO? Evaluating the rate determining step could 
answer this question. If the rate determining step was the oxidation of CO to CO2 then it 
would be likely that the polyols and methanol would produce hydrogen at the same rate. 
If the rate determining step during the photocatalytic reaction was the adsorption of the 
polyol/methanol and the rate of methanol adsorption was slower than the polyols then 
this would explain how polyols exhibit faster hydrogen production.  
4.2.4 Sugars 
The experiments with linear polyols previously in the chapter have shown that using 
molecules with more OH groups increases hydrogen production. Sugars are a renewable 
resource and are naturally high in hydroxyl groups. Because of this, it was thought likely 
that sugars would produce high hydrogen yields. Glucose, fructose and sucrose (all 
0.00247 mol) were tested for photocatalytic hydrogen production from reforming with 
water under the same conditions as the linear polyols. Glucose and fructose have 5 
hydroxyl groups and sucrose has 8. The hydrogen produced by the sugars is shown below 
in Figure 4.11. 
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Figure 4.11. Hydrogen production from photocatalytic sugar reforming using glucose, 
fructose and sucrose 
Figure 11 shows that the three sugars; glucose, fructose and sucrose are all active 
molecules for photocatalytic hydrogen production by reforming with water. Despite the 
molecules having different numbers of OH groups, the hydrogen yield for all three is 
similar; ~11 ml and is not very much higher than for methanol. This is disappointing as 
it was expected that due to the number of hydroxyl groups present, the hydrogen yield 
would be high. If the formula proposed earlier in the chapter was applied here (2n +1 = 
number of moles of hydrogen produced) then the +1 would be omitted as there are no 
terminal carbons as it is a ring structure. Therefore the formula would become 2n = 
number of moles of hydrogen produced, where n = number of carbon with oxygen 
containing group. The predicted stoichiometries for the sugars are shown below in 
reaction 4.27 and 4.28. 
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Glucose 
C6H12O6  +  6H2O    12H2 + 6CO2 (4.27)
Fructose
C6H12O6 + 6H2O    12H2 + 6CO2 (4.28)
For glucose and fructose the stoichiometries predicted using the formula proposed in this 
chapter is in agreement with the formula proposed by Kondarides et al.30 Deriving the 
reaction scheme for sucrose using the proposed formula is difficult as there is one carbon 
left over which is not attached to an oxygen containing group. It is possible that it forms 
CO2 by using more water or it forms methane using hydrogen. The two possible reaction 
schemes are shown below in reaction 4.29 and 4.30. 
Sucrose
C12H22O11 + 13H2O    24H2 + 12 CO2 (4.29)
C12H22O11 + 11H2O    20H2 + 11 CO2 + CH4 (4.30)
No traces of methane were detected by the GC so the more likely reaction is the 
production of CO2 reaction (4.29). 
The amount of hydrogen produced in 3 hours using the sugars was ~11 mL. This is low 
considering xylitol produced ~21 mL in 3 hours. This suggests that the rate of hydrogen 
production when using the sugars is lower than with the linear polyols. It has been 
suggested that the higher the molecular the mass of the sugar, the slower the reaction due 
to slow movement through the reaction solution.7 Glucose and fructose have similar 
molecular weights to xylitol however xylitol produces more hydrogen so it is unlikely the 
cause of lower yields. The sugars used are bulkier structures compared to the linear 
polyols. This could mean that sites on the catalyst are being blocked which is slowing 
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down the reaction. Another difference between the sugars and linear polyols is that some 
the OH groups on the sugars are bonded to a ring (Figure 4.12). It is possible that the C-
C scission is slower for ring structures than linear structures. This could mean that there 
is a difference in the activity of OH groups directly attached to the ring and the ones 
attached to the ring via a methyl group.
To investigate whether there was a difference between OH groups directly attached to a 
ring and those indirectly attached, cyclohexanol and cyclohexane methanol were used for 
photocatalytic hydrogen production. The structures are shown below (Figure 4.13). 
Glucose
Sucrose
Fructose
Figure 4.12. Structures of glucose, fructose and sucrose
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Figure 4.13. Cyclohexanol (left) and cyclohexane methanol (right) 
The hydrogen produced by cyclohexanol and cyclohexylmethanol is shown below in 
Figure 4.14.  
Figure 4.14. Hydrogen production from photocatalytic reforming with water using 
methanol, cyclohexanol and cyclohexyl methanol (0.00247 mol of each used in reaction) 
Figure 4.14 shows that cyclohexanol and cyclohexyl methanol produce ~2.5 and 2 mL 
respectively in 2 hours. There is no significant difference between the activity of 
cyclohexanol and cyclohexyl methanol. This suggests that the activity is not affected by 
the OH group being directly attached to ring or the OH group being attached to a linear 
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alkyl.  For the molecule to react, the C-C adjacent to the OH group must break. Therefore 
this implies that C-C scission of linear and ring carbon happens at similar rates. The 
experiment with cyclohexanol is evidence that a ring opening reaction has taken place. 
This experiment was undertaken in order to explain why the rates of hydrogen production 
from sugars is so low and whether it is the only the OH groups indirectly attached to the 
sugar ring that is reacting. The rings in the sugars: glucose, fructose and sucrose are 
oxygen containing rings so a direct comparison is difficult however the reaction with 
cyclohexanol and cyclohexyl methanol show that ring opening is possible. As there was 
no significant difference between cyclohexanol and cyclohexyl methanol, it is likely that 
this is not the cause of the lower activity in the case of the sugars. 
Figure 4.14 shows that methanol produces ~4.5 mL hydrogen in 2 hours. This is almost 
double the yield of hydrogen produced from cyclohexanol and cyclohexyl methanol. The 
hexyl ring of cyclohexanol and cyclohexyl methanol is significantly more bulky than the 
methyl of methanol. This suggests that the ring is causing steric hindrance, blocking the 
active sites on the Pd, slowing the reaction which results in lower hydrogen yields. This 
could be evidence that the size of the sugar molecules is slowing the reaction and this is 
the reason for the lower hydrogen yields seen when using glucose, fructose and sucrose.  
4.2.5 Position on ring with cyclohexanediols 
Cyclohexane diols with OH groups at different positions have been used to explore 
whether their position affects hydrogen yield. The structures of those used are shown in 
Figure 4.15.  
Figure 4.15. 1,2-cyclohexanediol, 1,3-cyclohexanediol and 1,4-cyclohexanediol (from 
left to right)
Chapter 4 
126 
1,2-cyclohexanediol, 1,3-cyclohexanediol and 1,4-cyclohexanediol (all 0.00247 mol) 
were used for photocatalytic hydrogen production from reforming with water under the 
same reactions conditions as the linear polyols and sugars. The hydrogen produced using 
the cyclohexanediols is shown in Figure 4.16. 
Figure 4.16. Hydrogen production from photocatalytic reforming with water using 1,2-
cyclohexanediol, 1,3-cyclohexanediol and 1,4-cyclohexanediol 
Figure 16 shows that all three cyclohexane diols are active for photocatalytic hydrogen 
production with 1,4-cyclohexanediol producing the most hydrogen at ~13 mL in 3 hours. 
1,3-cyclohexanediol produces the least at 9 mL in 3 hours. The fact that the 
cyclohexanediols are active for photocatalytic hydrogen production from reforming using 
water is not surprising as they all have alpha hydrogens on the carbons with the hydroxyl 
groups. The gas phase products were analysed using mass spectrometry (MS). The 
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products detected are shown in Table 4.4 are evidence of ring opening reactions taking 
place. 
Cyclohexane diol Gas products
1,2-cyclohexane diol H2, CO2 and C4H10
1,3-cyclohexane diol H2, CO2 and C3H8
1,4-cyclohexane diol H2, CO2
Table 4.4. Gaseous products from photocatalytic cyclohexane diol reforming using MS 
Previous work by Bowker et al. suggests a set rules applying to sacrificial agents dictating 
whether hydrogen will be produced and how much.4 These are summarised in the 
introduction of this chapter in section. Using these rules and what has been established 
earlier in the chapter; reaction schemes can be suggested (reaction 4.31, 4.32 and 4.33).  
1,2-cyclohexanediol 
C6H12O2 + 2H2O → 3H2 + 2CO2 + C4H10   (4.31) 
Reaction 31 with 1,2-cyclohexanediol proposes both hydroxyl carbons being oxidised to 
CO2, releasing H2 and the alkyl group from the ring (butyl) using one mole of the H2
released to yield butane as suggested by Bowker et al.4 Butane was present in the MS 
analysis of the gaseous product which indicates that reaction 31 is likely. 
1,3-cyclohexanediol 
C6H12O2 + 4H2O → 6H2 + 3CO2 + C3H8   (4.32) 
The products seen in the MS of the gaseous products from 1,3-cyclohexane diol were H2, 
CO2 and propane. 1,3-cyclohexane diol has a methylene group between the two hydroxyl 
groups. Bowker et al. reported that methylene groups between alcohols are fully oxidised 
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to CO2.4 Methane was not seen in the MS, suggesting that the methylene group was fully 
oxidised to CO2, hence the proposed reaction (4.32).  
1,4-cyclohexanediol has two ethylene groups in between the carbons with the OH groups. 
The MS for the reaction using 1,4-cyclohexanediol saw only H2 and CO2. This suggests 
that the ethylene groups completely oxidise to CO2 which would yield reaction (4.33) as 
seen below. 
C6H12O2 + 10H2O → 16H2 + 6CO2   (4.33) 
Looking at the proposed reactions for the cyclohexanediols, one would expect 1,4-
cyclohexanediol to produce ~4 times more hydrogen than 1,2-cyclohexanediol and 1,3-
cyclohexanediol to produce double. Figure 4.16 however shows that this is not the case 
with 1,4-cyclohexanediol producing only slightly more hydrogen and 1,3-
cyclohexanediol producing less. It is possible that the complete oxidation of ethylene and 
methylene to CO2 is a slow process, which is why substantially higher hydrogen yields 
are not seen. The rate of hydrogen production could also be limited by the size of the 
molecules (as seen with cyclohexanol). If these reactions were continued to completion, 
it is likely considering the proposed reactions that 1,4-cyclohexanediol and 1,3-
cyclohexanediol would produce more hydrogen based on the stoichiometry above 
(reaction 31, 32 and 33).  
4.2.6 Lactic acid  
Lactic acid contains one hydroxyl with an alpha hydrogen and a carboxylic acid group 
without an alpha hydrogen as seen in Figure 4.17. It has been reported that only OH 
groups with an alpha hydrogen will produce hydrogen. To see whether the organic acid 
would react further, lactic acid (0.00247 mol) was tested for photocatalytic hydrogen 
production from reforming with water under the same conditions as the linear polyols. 
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The hydrogen produced by lactic acid and a comparison with methanol is shown below 
in Figure 4.18. 
Figure 4.18. Hydrogen production from photocatalytic reforming with water using lactic 
acid and methanol 
Figure 4.18 shows that lactic acid is very active for photocatalytic hydrogen production 
from reforming using water producing ~16 mL in three hours. This is unsurprising as it 
possesses an alpha hydrogen on the hydroxyl carbon. What is interesting, however, is the 
amount of hydrogen produced by lactic acid compared to methanol. If only the one 
hydroxyl group on the lactic acid was reacting to form hydrogen, the amount of hydrogen 
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Figure 4.17. Structure of lactic acid 
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produced would be similar to methanol. In this case, however, lactic acid produced 
significantly more hydrogen than methanol. This suggests that lactic acid is fully 
decomposing even though the acid group does not have an alpha hydrogen. It has been 
reported that acetic acid is not active for photocatalytic hydrogen production from 
reforming using water,4 however studies have shown that formic acid readily decomposes 
on Pd.43-45 Acetic acid does not have an alpha hydrogen but formic acid does. It is possible 
that an intermediate in the reaction using lactic acid is formic acid, which then 
decomposes fully to hydrogen and carbon dioxide. The methyl group attached to 
hydroxyl carbon will be competing for a hydrogen with formate. It is possible that the 
methyl group will, instead, decompose to hydrogen and carbon dioxide. This could 
explain why lactic acid produces almost double the hydrogen compared to methanol. The 
proposed reaction scheme for lactic acid is shown below in reaction 4.34, 4.35 and 4.36. 
C3H6O3 + 3H2O → 5H2 + 2CO2 + CH2O2    (4.34) 
CH2O2 → H2 + CO2       (4.35) 
Overall - C3H6O3 + 3H2O → 6H2 + 3CO2     (4.36)
The high hydrogen yield achieved with lactic acid is evidence of the rule proposed that 
“competing” methyl groups will further decompose to carbon dioxide and hydrogen.
4.3 Conclusions 
This chapter has focussed on using different sacrificial agents, on what aspects of the 
reaction dictate the hydrogen yield and on exploring the mechanism by which they react. 
The first part involved establishing a stoichiometric relationship between hydrogen and 
carbon dioxide when using methanol. This was found to be 3:1 hydrogen to carbon 
dioxide which is evidence of the proposed mechanism by Bowker and co-workers.10  This 
ratio was only observed when the reaction mixture was heated as the carbon dioxide was 
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found to be dissolved in the reaction mixture. More evidence for the proposed mechanism 
by Bowker et al. 10  was the fact that CO could be used as the sacrificial agent. It was 
suggested that CO is an intermediate in the reaction with methanol. Using different 
concentrations of CO showed that the reaction with respect to CO followed near zero 
order kinetics after the ‘saturation’ point. This was also observed for methanol in previous 
work. The mechanism for methanol suggests that molecules with a C-O-H group will be 
active for photocatalytic hydrogen production from reforming using water. It was then 
postulated that molecules with more of these groups could produce more hydrogen. A 
range of molecules containing C-O-H groups were tested for photocatalytic hydrogen 
production including linear polyols, sugars, cyclo-alcohols and lactic acid. The 
relationship observed between the number of oxygenate groups and hydrogen production 
is shown in Figure 4.19. 
Figure 4.19. The relationship between number of oxygenate groups in a molecule and 
hydrogen production 
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Figure 4.19 shows that with more oxygenate groups, generally more hydrogen is 
produced, however it is clear that there are other factors influencing the rate of hydrogen 
production. The linear polyols showed a direct relationship between the number of OH 
groups and hydrogen production and a formula of 2n + 1 = moles of hydrogen produced 
where n = number of C-O-H groups was proposed. Sugars were considerably less active 
than predicted, this was attributed to the size of the molecules causing blocking of the 
active sites. Using cyclohexane diols with OH groups at different positions on the ring 
provided evidence for “competing” alkyls groups fully decomposing to carbon dioxide 
and hydrogen, and that molecules that fully decompose to carbon dioxide and hydrogen 
produce more hydrogen as was also seen with lactic acid. In conclusion, a sacrificial agent 
that has a high number of OH groups, and is linear, will fully decomposes to carbon 
dioxide and hydrogen and will produce more hydrogen. Xylitol was found to have the 
highest rate of hydrogen production because it has five OH groups, is linear and it fully 
decomposes to carbon dioxide and hydrogen. 
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5.1 Introduction 
Since the discovery of photochemical water splitting over a TiO2 electrode by Fujishima 
and Honda,1 many studies have focused on using TiO2 as catalyst for photocatalytic water 
splitting. It has been reported many times that loading TiO2 with metal nanoparticles e.g.
Pd,2 Au,3 Pt 4 has shown to increase yields of hydrogen greatly. The work in the previous 
two chapters has been conducted using TiO2-P25 as the photoactive support loaded with 
metal nanoparticles via incipient wetness. This chapter explores the effect of synthesising 
TiO2 using sol-gel methods and also the effect of using different nanoparticles synthesis 
methods with the aim of producing more active catalysts and also establishing what 
makes a good photocatalyst for photocatalytic methanol reforming.  
5.1.1 TiO2 preparation 
The are several ways to prepare TiO2; chemical precipitation,5 microemulsion,6
hydrothermal,7, 8 ultrasonic irradiation 9 and sol-gel.10-12 The most promising of these is 
sol-gel synthesis, which has been reported to have high photocatalytic activity for water 
splitting.13 Some have reported better hydrogen yields using sol-gel TiO2 than with TiO2-
P25.14 The performance of the sol-gel TiO2 is affected by the calcination conditions. 
There is a trade-off between surface area and crystallinity.15 At lower calcination 
temperatures, higher surface areas are seen however crystallinity is low. This means there 
are more defects and therefore more sites of recombination of e-/h+ pairs leading to lower 
activity.16 Addition of metals during the sol-gel synthesis is possible.17, 18 It is reported 
that the metal nanoparticles are better dispersed when added during the sol-gel synthesis 
of TiO2 than nanoparticles on catalysts prepared via wet impregnation.  
5.1.2 Nanoparticle synthesis 
The preparation method of nanoparticles for loading on TiO2 can greatly affect the 
photocatalyst activity. The incipient wetness technique is a simple method of adsorbing 
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metal nanoparticles on TiO2 and can produce very active catalysts for photocatalytic 
methanol reforming.19, 20  Varying the weight loading can have a significant effect on 
activity.19 Another method to produce metal loaded TiO2 is to synthesise the 
nanoparticles first and then adsorb them onto the TiO2 surface. The Turkevich method of 
synthesising Au nanoparticles uses sodium citrate as both the reducing and capping 
agent.21 Citrate stabilised Au/TiO2 has been reported to produce active photocatalysts for 
methanol reforming. Kmetyko et al. synthesised Au/TiO2 using different concentrations 
of citrate to produce catalysts with different sized Au nanoparticles.22 The higher the 
concentration of citrate, the smaller the nanoparticles and the more homogeneous. With 
increasing loading of nanoparticles, hydrogen production increased until a maximum of 
around 6 nm after which point hydrogen yield decreased. The method of synthesis of the 
catalyst has been reported to change the oxidation state of the metal. Xu et al. produced 
a range of Cu/TiO2 catalysts for photcatalytic methanol reforming using sol-gel, wet 
impregnation, chemical reduction using NaBH4 and photodeposition.23 The method and 
Cu species are shown in Table 5.1. Chemical reduction was found to produce the most 
active catalyst. 
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Preparation method Cu species
Sol-gel CuO
Wet-impregnation CuO
Chemical reduction with NaBH4 Cu2O
Photodeposition Cu metal
Table 5.1. Preparation method of Cu/TiO2 and Cu species 
Metal nanoparticle size can depend on the type of TiO2 used.24 Anatase has a higher 
Fermi level than rutile which results in greater interaction with the metal nanoparticles 
loaded on the surface. This can limit growth or agglomeration, producing smaller 
nanoparticles.25
The preparation method of a catalyst can significantly change its properties and therefore 
its activity towards a particular reaction. In this chapter the effects of preparation method 
on metal/TiO2 catalysts for photocatalytic methanol reforming have been investigated. 
Photocatalysts using anatase, rutile, brookite and sol-gel TiO2 have been investigated. 
Metal nanoparticles have be synthesised using a variety of methods where particle size 
and distribution have controlled. 
5.2 Results and discussion 
5.2.1 TiO2 phase and activity 
1%Pd/TiO2 catalysts were prepared via incipient wetness on P25, anatase and rutile. The 
catalysts were tested for photocatalytic methanol reforming in the liquid phase to 
establish how much better TiO2-P25 is compared to other TiO2 types. The reaction 
profiles are shown in Figure 5.1. It is clear that P25 provides the best semi-conductor 
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support for this reaction having almost double the hydrogen yield of TiO2-anatase. P25 
is made up from a mixture of rutile and anatase at a ratio of 20:80. The increased activity 
of P25 is possibly due to the difference in Fermi levels of anatase and rutile. When 
electrons are produced in either phase they can flow into the other. This is said to elongate 
the e-/h+ separation time, leading to a more active catalyst.26  1%Pd/TiO2-rutile shows 
negligible activity compared to anatase and P25 which is possibly due to the combination 
of quick e-/h+ recombination and low flat band energy in rutile reducing the catalysts 
ability to reduce water as reported by Katoh et al. and Sreethawong et al.27, 28
Figure 5.1. Hydrogen produced from photocatalytic methanol reforming using 1%Pd 
supported on P25, anatase and rutile in liquid phase 
The reactions were repeated in the gas phase to establish whether this would improve the 
activity of anatase and rutile as well as TiO2-P25, the results are shown in Figure 5.2. 
Again the most active catalyst is Pd/TiO2-P25 but exhibits significantly higher activity 
than in the liquid phase with ~12 mL in the liquid phase and ~27 mL in the gas phase. 
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Interestingly, Pd/TiO2-rutile which was inactive in the liquid phase, shows significant 
increase in activity in the gas phase. A possible explanation for this is that during gas 
phase reactions there will be a higher concentration of methanol adsorbed to the catalyst 
surface due to higher concentration of methanol in the gas compared to solution.29
Another factor to consider is temperature. Usually temperature would not affect the rate 
of a photocatalytic reaction but, as discussed in chapter 1, it is likely that the rate 
determining step for this reaction is a catalytic step. Therefore for this process, 
temperature could have an effect on the overall rate of hydrogen production. Although 
the reaction set up does not directly apply heat to the reaction vessel, the lamp gets hot 
during the reaction. Liquid will heat up more slowly than gas, therefore it is likely that 
the temperature of the gas phase reaction is hotter than the liquid phase reaction which 
could increase the rate and therefore the yield.   
Figure 5.2. Hydrogen produced from photocatalytic methanol reforming using 1%Pd 
supported on P25, anatase and rutile in gas phase 
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As TiO2-P25 is a mixture of anatase and rutile, anatase and rutile were physically mixed 
in a crucible and tested for photocatalytic hydrogen production from methanol reforming. 
The purpose of this was to establish whether the location of the metal nanoparticle i.e. 
either on the anatase or on the rutile, affected the activity. 1%Pd/TiO2-anatase was mixed 
with TiO2-rutile and 1%Pd/TiO2-rutile was mixed with TiO2-anatase. The effects of this 
are shown below in Figure 5.3. 
Figure 5.3. Hydrogen produced by 1%Pd supported on different phases on TiO2
The activity of 1%Pd/anatase alone was found to be significantly better than when mixed 
with rutile.  On the other hand, the activity of 1%Pd/rutile was increased when mixed 
with anatase. Electron paramagnetic resonance (EPR) studies have shown that electrons 
move from rutile to anatase and holes move from anatase to rutile.30-32 The movement of 
charge is shown below in Figure 5.4 from the work of Scanlon et al.33
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The active site for water splitting is suggested to be a hole at the interface between the 
TiO2 and Pd.34 When anatase is added to 1%Pd/rutile, holes move into the rutile, 
providing more active sites close to the interface between Pd and rutile which could 
explain the increase in activity. On the other hand when rutile is added to 1%Pd/anatase, 
holes move into the rutile away from the interface between Pd and anatase, decreasing 
the activity. This has shown that the location of the metal is important and can affect 
activity. 
5.2.2 Sol-gel preparation of TiO2 
The sol-gel technique for synthesising TiO2 is promising. To explore further whether the 
location of Pd can affect activity, 1%Pd/TiO2 using a sol-gel technique with one catalyst 
incorporating Pd into the bulk and was adsorbing Pd onto the surface via incipient 
wetness. TiO2 was prepared using a sol-gel method from titanium (IV) tetraisopropoxide 
and isopropyl alcohol.35 Palladium was deposited on to the TiO2 surface using incipient 
3.20 eV
3.03 eV
Rutile Anatase
Figure 5.4. Electron (black) and hole (white) movement in rutile/anatase mixes
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wetness (1%Pd/TiO2-sol-gel (IW)) and also incorporated into the sol-gel prep 
(1%Pd/TiO2-sol-gel). The catalysts were tested for photocatalytic methanol reforming.  
Figure 5.5. Hydrogen produced from photocatalytic methanol reforming using 
1%Pd/TiO2-sol-gel (IW) and 1%Pd/TiO2-sol-gel 
Figure 5.5 shows that incorporating Pd into the sol-gel synthesis of TiO2 produces an 
inactive catalyst for this reaction however adsorbing Pd to the sol-gel titania using 
incipient wetness produces an active catalyst for this reaction. This contradicts the work 
of Tseng et al. somewhat where the addition of Cu into the sol-gel preparation improved 
the activity for CO2 reduction.18  A possible reason for the low activity of 1%Pd/TiO2-
sol gel is that the majority of the palladium was in the bulk of the TiO2, reducing the 
number of active sites. The two catalysts were characterised using XRD to probe whether 
the catalysts contained different phases, crystallinity or crystallite sizes which could 
cause the difference in activity. XRD was also carried out as a comparison for phase 
composition and crystallinity.   
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Figure 5.6. XRD pattern of 1%Pd/TiO2 catalysts where A = anatase, R = rutile and B = 
brookite 
Figure 5.6 shows the XRD pattern for 1%Pd/TiO2-P25 (IW), 1%Pd/TiO2-sol-gel (IW) 
and 1%Pd/TiO2-sol gel. From the XRD it is clear that 1%Pd/TiO2-P25 (IW) is a mixture 
of anatase and rutile.36 There is no Pd peak is observed suggesting high dispersion and 
low loading of Pd on the support.37 It is possible estimate the relative amounts of anatase 
and rutile in the sample using Equation 5.1where  is ratio of rutile to anatase, IA is the 
intensity of anatase peak and IR is the intensity of rutile peak.38
Equation 5.1. Equation for ratio of rutile to anatase 
The ratio given by this equation is 0.19 which equates to ~20:80 rutile to anatase which 
is in agreement with literature.30 The peaks are well defined suggesting high crystallinity. 
The XRD pattern for 1%Pd/TiO2-sol-gel (IW) and 1%Pd/TiO2-sol-gel are almost 
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identical which indicates that there no difference in phase composition when Pd is added 
during the sol-gel preparation of TiO2. The peak at 31° matches with brookite,39 this is 
not seen in the TiO2-P25 sample. The other peaks correspond to anatase and there appears 
to be no rutile in the sample.  Anatase-brookite mixtures have been reported to give higher 
hydrogen yields than P25,40 however the results in this experiment contradict this. The 
peaks are not well defined which suggests that the sol-gel sample has some amorphous 
impurities and that the particles are very small.  
BET analysis was used to determine the surface area of 1%Pd/TiO2-P25 (IW), 
1%Pd/TiO2-sol-gel (IW) and 1%Pd/TiO2-sol-gel (Table 5.2). 
Catalyst Surface area/ m2 g-1 XRD crystallite size/ Ǻ
1%Pd/TiO2-P25 (IW) 56.41 28.3
1%Pd/TiO2-sol-gel (IW) 181.21 6.3
1%Pd/TiO2-sol-gel 179.43 6.4
Table 5.2. BET surface areas for 1%Pd/TiO2 catalysts 
From Table 5.2 it is clear that sol-gel preparation produces very high surface area TiO2 
which is consistent with literature.28 The Scherrer equation was used to determine the 
crystallite size 41 which is also shown in Table 5.2. The BET surface areas appear to 
correlate with the crystallite sizes. Although in catalysis more surface area usually means 
better activity, for this photocatalytic process, crystallinity appears to play a bigger role 
as the catalyst prepared using TiO2-P25 has a surface area 56.41 m2 g-1 and the sol-gel 
catalysts exhibiting a surface area of around 180 m2 g-1. As the two sol-gel catalysts 
appear to be very similar in phase composition and surface area, it seems likely that the 
low activity of 1%Pd/TiO2-sol-gel is possibly caused by the Pd nanoparticles being 
present in the bulk of the TiO2. The Pd nanoparticles on 1%Pd/TiO2-sol-gel (IW) are 
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likely to be on the catalyst surface allowing methanol to easily adsorb, hence the higher 
activity. Again this experiment has highlighted the importance of the location of the Pd. 
The comparison with TiO2-P25 has also suggested that crystallinity of the titania is 
another factor that needs to be considered. 
5.2.3 Modifying the Sol-gel Technique 
From the XRD seen from the sol-gel catalysts, it appears that they have very poor 
crystallinity. Poor crystallinity has shown to increase electron recombination. Therefore 
in attempt to increase crystallinity the sol-gel technique was modified. The preparation 
of 1%Pd/TiO2-sol-gel (IW) was modified by altering the calcination temperature and also 
the pH. Pd was not added during the sol-gel synthesis as this was found to produce an 
inactive catalyst. 
5.2.4 Effect of calcination temperature on sol-gel synthesis 
Calcination temperature has been shown to affect the crystallinity of TiO2. The 
calcination temperature was increased to try to improve the crystallinity of the sol-gel 
TiO2 in an attempt to improve activity. The temperature was increased only up to 500°C 
because after this temperature it is possible that it will convert anatase to rutile.42
5.2.4.1 Hydrogen Production 
1%Pd/TiO2-sol-gel prepared at pH 3.5 was calcined at different temperatures (120°C, 
300°C, 500°C) to probe whether it can affect phase composition but mainly the 
crystallinity of TiO2. The effect of calcination temperature on activity towards 
photocatalytic methanol reforming is shown below in Figure 5.7. 
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Figure 5.7. Hydrogen production for 1%Pd/TiO2 sol-gel catalysts calcined at different 
temperatures 
Figure 5.7 shows that the temperature of calcination has very little effect on the activity 
of the catalyst. The catalysts were characterised using XRD, RAMAN and BET to 
investigate the reason for this. 
5.2.4.2 Characterisation  
XRD was used to determine the phases present and the crystallite size of the sol-gel 
catalysts calcined at different temperatures. The XRD pattern for 1%Pd/TiO2-sol-gel 
catalysts calcined at different temperatures are shown in Figure 5.8.  
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Figure 5.8. XRD pattern for 1%Pd/TiO2 sol-gel catalysts calcined at different 
temperatures 
Figure 13 shows that the phases present are anatase 36 and brookite.39  The crystallite size 
was calculated using the Scherrer equation (also shown in Table 5.3).  The peaks get more 
defined with higher calcination temperature indicating higher crystallinity and larger 
particles.  
RAMAN was used to provide further confirmation that the catalyst was composed of 
anatase and brookite.  
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Figure 5.9. RAMAN shift for 1%Pd/TiO2 sol-gel catalysts calcined at different 
temperatures 
Although the peaks get more defined at higher calcination temperatures the same peaks 
are present for each sample. The peaks correspond to anatase and brookite with peaks at 
around 399, 513 and 639 cm-1 for anatase and 246, 324, 412 cm-1 for brookite.42, 43
BET was used to determine the surface area of the 1%Pd/TiO2-sol-gel catalysts. These 
are shown in Table 5.3. 
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Calcination temperature/ °C BET surface area/ m2 g-1 Crystallite size/ Å
120 181 63
300 104 93
500 49 117
Table 5.3. BET surface area, crystallite size and anatase brookite composition for 
1%Pd/TiO2 sol-gel catalysts calcined at different temperatures 
BET analysis shows that with higher calcination temperature the surface area of the 
catalyst decreases. This is in agreement with the crystallite size calculated from XRD. 
This has shown that increasing calcination temperature improves crystallinity however 
this did not affect the activity. It is possible that although crystallinity has been improved, 
the decrease in surface area affects the activity. Therefore the activity per unit area was 
plotted against the calcination temperature. (Figure 5.10). 
Figure 5.10. Activity towards photocatalytic hydrogen production from methanol 
reforming per unit area against calcination temperature of sol-gel TiO2 
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Figure 5.10 shows that increasing the calcination temperature, increases the activity of 
the photocatalyst per unit area. This suggests that with increasing calcination temperature, 
crystallinity is improved and if the surface area of the catalysts were the same, the 
hydrogen yield would be higher for the sol-gel TiO2 calcined at 500°C. This indicates 
that there is a trade-off between crystallinity and surface area with regards to activity.  
5.2.5 Effect of pH on sol-gel synthesis 
5.2.5.1 Hydrogen Production 
The effect of pH on the sol-gel preparation of TiO2 was probed. The hydrolysis of 
titanium tetraisopoxide (sol-gel synthesis of TiO2) has been shown to be affected by pH 
which in turn has been shown to have an effect on the size and morphology of TiO2
crystal produced. More anatase rich TiO2 (sol-gel) has been reported to be synthesised 
with higher concentrations of acid.44 With lower acid concentration, smaller crystallite 
sizes of TiO2 were produced. The sol-gel preparation is conducted in acidified water. The 
pH of the water was lowered to 2.5 and increased to 5. The pH of the standard sol-gel 
procedure was 3.5. The hydrogen produced from photocatalytic methanol reforming is 
shown below in Figure 5.11. 
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Figure 5.11. Hydrogen production for 1%Pd/TiO2 sol-gel catalysts prepared at different 
pH 
Altering the pH of the water during sol-gel synthesis affects the activity of the catalyst 
produced as seen in Figure 5.11. When the pH is increased to 5 the activity of the catalyst 
is slightly better. Lowering the pH to 2.5 reduced hydrogen production to less than half 
that of the hydrogen produced by the photocatalyst synthesised using pH 3.5. The 
catalysts were characterised using XRD, RAMAN and BET to investigate the cause of 
change in activity. 
5.2.5.2 Characterisation  
The XRD spectra for 1%Pd/TiO2-sol-gel catalysts prepared at different pH is shown 
below in Figure 5.12.  
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Figure 5.12. XRD pattern for 1%Pd/TiO2 sol-gel catalysts prepared at different pH 
The phases present in all three samples are anatase 36 and brookite.39 All three patterns 
have similar peak widths suggesting similar crystallite size. The Scherrer equation was 
used to estimate crystallite size. The values obtained are shown in Table 5.4. The XRD 
pattern does not show a clear difference in phase composition or crystallinity. To try and 
gain a better idea of phase composition RAMAN was used. RAMAN shift for 
1%Pd/TiO2-solgel catalysts prepared at different pH is shown in Figure 5.13.  
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Figure 5.13. RAMAN spectra for 1%Pd/TiO2 sol-gel catalysts prepared at different pH 
The peaks correspond to anatase and brookite only. Brookite has peaks at 246, 324 and 
412 cm-1.43 Anatase has peaks at 399, 513 and 639 cm-1.45 This is further evidence that 
the sol-gel TiO2 is a mixture of anatase and brookite. 
BET was used to determine the surface area of the catalyst (Table 5.4). All three catalysts 
exhibit relatively high surface areas compared to TiO2-P25. The pH during sol-gel 
synthesis does not appear to affect the surface area of the catalyst significantly.  
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Having established that the sol-gel catalysts are very similar in crystallite size/surface 
area, it is unlikely the cause for the difference in activity between the TiO2 prepared at 
pH 3.5 and 5, and pH 2.5. Therefore the XRD pattern was revisited and the proportion of 
brookite and anatase in the sample was analysed using Reitveld refinement on Maud 
software.46 This is shown in Table 5.4. 
pH during sol-gel 
preparation
BET surface 
area/ m2 g-1 
Crystallite size/ 
Å
Proportion 
anatase/%
Proportion 
brookite/%
2.5 162 8.2 65 35
3.5 181 6.4 39 61
5 220 5.1 44 56
Table 5.4. BET surface area, crystallite size and anatase brookite composition for 
1%Pd/TiO2 sol-gel catalysts prepared at different pH 
Rietveld analysis of the XRD patterns show that the TiO2 prepared using pH 3.5 and 5 
have a higher proportion of brookite than the TiO2 prepared at pH 2. The TiO2 prepared 
using pH 3.5 and 5 are composed of 61% and 56% brookite, respectively. The TiO2
prepared at pH 2 contains only 35% brookite. 
A change in brookite content in the TiO2 appears to be the main difference between the 
TiO2-sol-gel catalysts prepared at different pH. The activity of 1%Pd/TiO2-sol-gel 
prepared at pH 2.5 is considerably lower than the other two catalysts. At pH 2.5 there is 
a much lower brookite content compared to pH 3.5 and pH 5. This could explain the 
lower activity as brookite has been reported to be an active photocatalyst.47
Modifying the sol-gel procedure has not generated a more active catalyst than Pd/TiO2-
P25 however it has shown the importance of crystallinity and also phase composition and 
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that these properties can be affected by altering the calcination temperature and the pH at 
which the sol-gel method takes place. 
5.2.6 Au/TiO2 preparation methods 
The previous section of the chapter has focussed on the TiO2 support. The next section 
will explore using different preparation methods for producing Au nanoparticles for 
catalysts for photocatalytic hydrogen production using methanol. The previous work in 
this thesis has used incipient wetness to produce and adsorb the nanoparticles onto the 
TiO2. Here surfactant methods and impregnation have been used to attempt to control 
particle size and distribution and to explore whether this can have an effect on activity. 
5.2.6.1 Turkevich Method 
The Turkevich method involves using sodium citrate as the reductant and capping agent 
to produce gold nanoparticles.21 The gold nanoparticles can be adsorbed onto TiO2 (in 
this case TiO2-P25) to produce Au/TiO2 photocatalyst. Au/TiO2 has been reported to be 
an effective catalyst for photocatalytic methanol reforming.19 The effect of Au loading 
and citrate concentration has been investigated in an attempt to find the optimum 
conditions.  
0.25, 0.5, 1 and 2 Wt% Au/TiO2 was prepared using the Turkevich method with the 
concentration of citrate kept at 1% w/v. The catalysts were dried at 120°C. The rate of 
hydrogen production from methanol by each catalyst is shown below in Figure 5.14. 
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Figure 5.14.  Hydrogen production using Au/TiO2 prepared using the Turkevich method 
at different weight loadings 
Figure 5.14 shows that there isn’t a significant difference between the activities of the 
Au/TiO2 catalysts prepared at different weight loadings. It is possible that the active site 
for the reaction is being blocked by the citrate as drying at 120°C would not remove the 
citrate from the surface of the catalyst. There also appears to be no induction time 
suggesting that the citrate is not being removed during the reaction. Calcination is a 
possible way of removing the capping agent. The effect of calcining the Au/TiO2 catalysts 
at 400°C is shown in Figure 5.15. 
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Figure 5.15. Hydrogen production using Au/TiO2 prepared using the Turkevich method 
at different weight loadings, dried and calcined 
Calcining at 400°C has increased the activity of all of the citrate stabilised Au/TiO2
catalysts (Figure 5.15). This suggests that the calcination step has removed the citrate and 
exposed the actives sites. However the activity of 2%Au/TiO2 has increased much more 
than the activity for 0.25%Au/TiO2. This suggests that the 2%Au/TiO2 catalyst has more 
active sites which indicates that higher Au loadings prepared using Turkevich method are 
more active catalysts. This is interesting as with the Au/TiO2 catalysts prepared via 
incipient wetness in Chapter 3 with varied loadings, the most active catalyst was 
0.5%Au/TiO2. A comparison with 0.5%Au/TiO2 prepared using incipient wetness and 
2%Au/TiO2 prepared using citrate is shown in Figure 5.16. 
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Figure 5.16. Hydrogen production using 0.5%Au/TiO2 prepared via incipient wetness 
and 2%Au/TiO2 using citrate 
Figure 5.16 shows that the Turkevich method has produced a more active catalyst than 
the incipient wetness catalyst. It is possible that the nanoparticles produced via the 
Turkevich method are smaller and more dispersed than those produced via incipient 
wetness. This result also highlights the importance of removing the citrate, as without 
removing the citrate, the activity of 2%Au/TiO2 was poor. 
Hutchings and co-workers reported a facile method of removing stabiliser ligands from 
supported gold nanoparticles using a reflux method.48 The reflux method is reported to 
stop sintering of the nanoparticles and thereby retaining their size and shape. Many 
reports in the literature have reported lower activity due to sintering when heat treating a 
catalyst at high temperatures therefore it is very important retain smaller nanoparticles.49
As citrate is soluble in water and the solubility of citrate increases with temperature, it 
was thought that it was likely that refluxing the stabilised gold nanoparticles could help 
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to remove the citrate. The dried catalyst was refluxed using this method and the result is 
shown below in Figure 5.17. 
Figure 5.17. Citrate stabilised 0.5%Au/TiO2 dried at 120°C, calcined at 400°C and 
refluxed 
Refluxing the citrate stabilised Au/TiO2 catalyst appears to decrease the activity when 
compared to the calcined catalyst as seen in Figure 5.17. In this experiment, refluxing 
does not improve the catalyst activity. It is possible that the reflux method does not work 
for citrate stabilised nanoparticles.  
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5.3 Conclusions 
This chapter explored how different preparation methods could affect the activity of the 
catalyst for photocatalytic methanol reforming for hydrogen production. The first section 
involved attempting to improve the activity of TiO2 and get better hydrogen yields than 
TiO2-P25. Using different polymorphs of TiO2, including anatase and rutile in the liquid 
and gas phase revealed that higher hydrogen yields are achieved in the gas phase. Even 
rutile which is has negligible activity in the liquid phase, had much higher activity in the 
gas phase. This was attributed to there being a higher concentration of methanol in the 
gas phase. An interesting finding was that the location of the metal played an important 
role in the activity of the catalyst. It was found that the catalyst was more active when the 
metal was on the rutile and it was concluded that this was due to the movement of holes 
into the rutile, closer the metal and closer to the active sites. It was also found that the 
metal needs to be on the surface of the catalyst and not in the bulk.  
A sol-gel technique to synthesise TiO2 was employed in an attempt to improve on TiO2-
P25. Although higher hydrogen yields were not achieved, these tests allowed for a 
development in the understanding of what properties of TiO2 are important. Higher 
crystallinity was found to improve hydrogen yields. This was attributed to the longer 
charge separation times due to the presence of fewer recombination sites. Higher 
calcination temperatures produced TiO2 with higher crystallinity however this reduced 
the surface area and it was concluded that there needs to be compromise between these 
two properties. The sol-gel synthesis produced TiO2 with anatase and brookite phases. It 
was found that the higher the brookite content, the higher the activity. This property could 
be controlled using acidified water of higher pH.  
The second part of the chapter involved using the Turkevich method to synthesise Au 
nanoparticles in an attempt to improve hydrogen yields when compared to catalysts 
Chapter 5 
164 
synthesised using incipient wetness. This method produced active catalysts for 
photocatalytic methanol reforming. It was found that the catalyst needed to be calcined. 
This highlighted the importance of removing the citrate as it was blocking the active sites. 
Using the Turkevich method to produce 2%Au/TiO2, however, did achieve higher 
hydrogen yields when compared with 2%Au/TiO2 prepared via incipient wetness. This 
was attributed to the Au nanoparticles being smaller and more dispersed.  
In conclusion the factors that improve the activity of the catalyst are; the position of the 
metal, the crystallinity, surface area and phase of the TiO2 and the size and dispersion of 
the metal. The aim was to produce catalysts with higher hydrogen yields than metal 
loaded TiO2-P25 prepared via incipient wetness. Here no improvement was made on 
TiO2-P25 however progress was made on understanding the factors that influence 
activity. Using the Turkevich method to produce Au/TiO2 however did achieve higher 
hydrogen yields than Au/TiO2 prepared via incipient wetness.  
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6.1 Conclusions and further work 
This study investigated the effect of three variables for photocatalytic reforming for 
hydrogen production using metal loaded TiO2; the effect of using different metals, the 
use of different sacrificial agents and using different preparation techniques for metal 
loaded TiO2. 
The first body of work in Chapter 3 involved an investigation into the activity of a range 
of different metals loaded on to TiO2 for photocatalytic methanol reforming to produce 
hydrogen. The study highlighted two main factors that influence the activity of the 
catalyst; ease of reducibility of the metal oxide and the work function of the metal.  
XPS analysis showed that in general the metals were present as metal oxides prior to 
reaction and were reduced during the reaction. The first step of the reaction involves the 
decomposition of methanol1 which is known to readily decompose to CO and H2 on many 
of the metals.2-4 The kinetics of this however are significantly faster on metals in the 
metallic state compared to the oxides due to increased site availability. A relationship 
between ease of reducibility and activity was observed where the more easily reduced 
metal oxides exhibited higher activities. 
The factor which correlates best with photocatalytic activity was found to be the work 
function of the metal. This was briefly suggested in work conducted by Chiarello et al.5
however this study used a limited number of metals (Pt, Pd and Au). The work in this 
chapter assessed the activity of many metals, giving more strength to the argument. The 
higher the work function of the metal, the greater the Schottky barrier between the metal 
and the TiO2, suggesting that more of the photo-induced electrons will be trapped in the 
metal,6 not only increasing the electron-hole lifetime but also facilitating the reduction 
the methanol, increasing the activity of the catalyst. In order to pursue this work further, 
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an investigation using other metals with high work functions such as osmium could be 
used for photocatalytic methanol reforming. It also important to consider the support. It 
is the difference between the metal and support that produces the Schottky barrier. 
Therefore it would be interesting to use semi-conductors with different work functions 
and assess how this affects the rate of photocatalytic methanol reforming. The effect of 
particle size should also be addressed as this has been reported to have an effect on the 
position of the Fermi level.7 Therefore TEM images of the photocatalysts would be useful 
to assess the particle size of the metals and whether there is a correlation with activity. 
In Chapter 4, a model predicting hydrogen production from sacrificial agents with 
varying OH groups was proposed. The sacrificial agents chosen to examine adhered to 
the rules suggested by Bahruji et al.8 which dictate whether a sacrificial agent will be 
active for photocatalytic reforming reactions. Straight chain polyols were found to fit the 
model, exhibiting a direct relationship between the number of C-OH groups and the 
number of moles of hydrogen produced as seen in Equation 6.1. 
Equation 6.1. Model for number of moles of hydrogen produced from polyols where n = 
number of C-OH groups
The model was only found to be applicable to straight chain polyols as they fully 
decompose into carbon dioxide and hydrogen. Sacrificial agents with larger more bulky 
structures, such as sugars, were found to suffer from steric interference which has been 
known to decrease the rate of catalytic reactions.9 Similar work has been conducted where 
models have been proposed to predict hydrogen production from photocatalytic 
reforming reactions,10 however longer straight chain polyols such as erythritol and xylitol 
have not been examined in this way before. In order to progress with this work, testing 
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the model using a straight chain polyol with ten C-OH groups would be beneficial as it 
would be interesting to see whether there still a linear trend with even longer chains. The 
mechanism for the photo-reforming of methanol has already been investigated, 1, 8
however the mechanism for the photo-reforming of longer chain polyols such as xylitol 
and also larger structures such as fructose has not. Therefore analysis of the liquid phase 
and gas phase products from these reactions using GC-MS and NMR could identify 
intermediates in the reactions and possibly further the understanding of the mechanism.  
In the final results chapter preparation methods and the effect of these on activity towards 
photocatalytic methanol reforming in an attempt to produce more active catalysts. There 
is a great deal of work using TiO2 for photocatalytic hydrogen production and the vast 
majority uses TiO2-P25 which is very much seen as a bench mark material for 
photocatalytic methanol reforming for hydrogen production.11-13 In an attempt to improve 
on this activity, TiO2 was prepared using a sol-gel method 14 which has been reported to 
be more active than TiO2-P25. 15 Unfortunately, higher hydrogen yields than TiO2-P25 
were not achieved, however the process revealed what factors are important in producing 
active TiO2 for photocatalytic methanol reforming for hydrogen production. The first of 
which is the trade-off between crystallinity and surface area which has been identified 
for other photocatalytic reactions12 but not for methanol reforming. Crystallinity is known 
to affect photocatalytic activity16 as the more crystalline a material, the fewer defects and 
therefore fewer electron/hole recombination sites, increasing the activity. As a general 
catalytic principle, the higher the surface area, the higher the catalytic activity.17 In this 
study calcination temperature was found to affect the crystallinity and the surface area 
where the higher the calcination temperature, the higher the crystallinity and the lower 
the surface area. The three catalysts prepared at different calcination temperatures 
showed very little variation in activity however when analysing the activity per unit area 
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it was clear that the TiO2 prepared at a higher calcination temperature exhibited higher 
activity. This confirmed that TiO2 with a higher crystallinity is more active but it also 
highlighted that there is a compromise between the two properties. Therefore to further 
this work it would be helpful to establish an optimum between crystallinity and surface 
area. The second factor found to influence TiO2 activity was the phase composition. This 
has been well documented for anatase/rutile mixtures.18 In this study, the solgel TiO2 was 
found to contain anatase and brookite. Anatase/brookite nanorods produced via other 
synthesis methods have been reported to have high activities.19, 20 The pH during the sol-
gel synthesis was found to affect the anatase/brookite ratio. At less acidic pH, the level 
of brookite was found to be higher, along with the activity. It is possible that the higher 
activity of the catalysts with higher brookite content could be due to the lower flat band 
of brookite. The flat band of brookite is more cathodic than anatase which promotes 
interfacial electron transfer, giving better charge separation and therefore better 
photoactivity.21 It is difficult however to assign a single reason for the enhanced 
photocatalytic activity as there are many factors that could also affect the activity. 
Therefore it in order to gain a better understanding, it would be beneficial to do a more 
comprehensive study of anatase/brookite mixtures. This could include using a wider 
range of pH and possibly EPR studies to investigate electron/hole lifetimes.  
The second part of the chapter involved using the Turkevich method to synthesise Au 
nanoparticles in an attempt to improve hydrogen yields when compared to catalysts 
synthesised using incipient wetness. The most active Au/TiO2 prepared using the 
Turkevich method was 2%Au/TiO2. This catalyst found to be more active than the most 
active Au/TiO2 prepared using incipient wetness. This was attributed to the Au 
nanoparticles being smaller and more dispersed. Smaller nanoparticle size has been 
shown to increase activity in many areas of catalysis22 due to a higher number of active 
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sites. To support this theory, images of the catalysts achieved using TEM before and after 
the calcination/reflux to assess particle size and how this affected activity would be very 
beneficial.  
The aim of this research was to develop and progress photocatalysts and to increase 
hydrogen yields from reforming reactions. Although the photocatalysts produced may 
not have greatly improved on previous hydrogen yields, the work has advanced the 
understanding of the process. The most important outcomes of the research are; the 
correlation found between activity and work function of the metal and the use of longer 
straight chain polyols for higher hydrogen yields. 
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